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ΠΕΡΙΛΗΨΗ 

 

Η παρούσα διατριβή εστιάζεται: (α) στην ανάπτυξη ενός έγκυρου προτύπου για τη μελέτη 

της τοξιναιμίας της εγκυμοσύνης, με ταυτόχρονη διατήρηση των απαιτήσεων κορεσμού των ζώων, 

(β) στην καταγραφή, με υπερηχογραφική εξέταση, των μεταβολών στο έμβρυο και στο μαστό των 

προβατίνων με τοξιναιμία της εγκυμοσύνης, (γ) στην αξιολόγηση των συνεπειών της τοξιναιμίας 

της εγκυμοσύνης στις προσβεβλημένες προβατίνες κατά την περιτοκετιαία περίοδο και (δ) στην 

αξιολόγηση του ενδεχόμενου ρόλου της τοξιναιμίας της εγκυμοσύνης σε προδιάθεση των ζώων σε 

μαστίτιδα κατά την αμέσως μετά τον τοκετό περίοδο. 

Η διατριβή χωρίζεται σε δύο κεφάλαια και ακολουθεί η Γενική Συζήτηση. 

Στο Κεφάλαιο I ανασκοπείται η βιβλιογραφία σχετικά με την τοξιναιμία της εγκυμοσύνης. 

Στο Κεφάλαιο II παρουσιάζεται η πραγματοποιηθείσα ερευνητική μελέτη. Το κεφάλαιο 

υποδιαρείται σε δύο τμήματα. 

Το τμήμα Α του κεφαλαίου περιγράφει την ερευνητική μελέτη και τα σχετικά αποτελέσματα μέχρι 

τον ενοφθαλμισμό του μαστού των ζώων, ο οποίος πραγματοποιήθηκε την 5η ημέρα μετά τον 

τοκετό. Στη μελέτη περιλήφθησαν 28 προβατίνες. Αρχικά, στα ζώα πραγματοποιήθηκε 

ανθελμινθική αγωγή και, στη συνέχεια, αυτά έλαβαν ένα μίγμα από μολύνουσες προνύμφες 

τριχοστρογγυλοειδών ελμίνθων. Μέχρι την 60ή ημέρα της εγκυμοσύνης, σε κάθε προβατίνα 

χορηγείτο καθημερινά 1,30 kg έτοιμης συμπυκνωμένης ζωοτροφής (περιεκτικότητα σε ενέργεια: 

0,844 FUL) και 2,50 kg σανού τριφυλλιού. Από την 60ή μέχρι την 100ή ημέρα της εγκυμοσύνης, 

κάθε προβατίνα ελάμβανε καθημερινά 0,60 kg συμπυκνωμένης ζωοτροφής και 2,00 σανού 

τριφυλλιού. Μετά την 100ή ημέρα της εγκυμοσύνης, κάθε προβατίνα που κυοφορούσε ένα έμβρυο 

ελάμβανε καθημερινά 0,50 kg έτοιμης συμπυκνωμένης ζωοτροφής με μειωμένη περιεκτικότητα σε 

ενέργεια (0,748 FUL) και 0,50 kg σανού τριφυλλιού. Οι αντίστοιχες ποσότητες για προβατίνες που 

κυοφορούσαν δύο έμβρυα ήταν 0,60 kg και 0,50 kg, αντίστοιχα, και για προβατίνες που 

κυοφορούσαν τρία έμβρυα ήταν 0,80 kg και 0,50 kg, αντίστοιχα. Στις προβατίνες 

πραγματοποιούνταν οι παρακάτω εξετάσεις από την 120ή ημέρα της εγκυμοσύνης μέχρι τον 

τοκετό: παρασιτολογική εξέταση κοπράνων, βιοχημική εξέταση αίματος για μέτρηση της 

συγκέντρωσης β-υδροξυβουτυρικού οξέος και γλυκόζης, υπερηχογραφική εξέταση B-mode και 

Doppler εμβρύου/ων και μαστού. Από τον τοκετό μέχρι την 5η ημέρα μετά από αυτόν, 

πραγματοποιούνταν οι παρακάτω εξετάσεις: ζύγισμα των νεογέννητων αρνιών, εξέταση του 

γεννητικού συστήματος και μέτρηση της παραγόμενης ποσότητας γάλακτος. Σε 16 προβατίνες 

παρατηρήθηκαν αυξημένες συγκεντρώσεις β-υδροξυβουτυρικού οξέος στο αίμα (≥1,2 mmol L-1 σε 
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τουλάχιστον δύο μετρήσεις) και αυτά τα ζώα κατανεμήθηκαν στην ομάδα Α, ενώ στις υπόλοιπες 12 

προβατίνες δεν παρατηρήθηκαν αυξημένες συγκεντρώσεις β-υδροξυβουτυρικού οξέος στο αίμα 

και κατανεμήθηκαν στην ομάδα Β. Οι προβατίνες στην ομάδα Α είχαν αυξημένο αριθμό αυγών 

παρασίτων (epg) στα κόπρανα και μικρότερες συγκεντρώσεις γλυκόζης στο αίμα από αυτές στην 

ομάδα Β (P<0,025, P=0,033, αντίστοιχα). Δεν υπήρχαν διαφορές μεταξύ των δύο ομάδων (A, B) 

στα ευρήματα της υπερηχογραφικής εξέτασης των εμβρύων, εκτός από τον όγκο αίματος στην 

ομφαλική αρτηρία, παράμετρο για την οποία οι τιμές στα ζώα της ομάδας Β ήταν σημαντικά 

μεγαλύτερες από τις αντίστοιχες τιμές στα ζώα της ομάδας Α. Μολαταύτα, όταν πραγματοποιήθηκε 

ανακατανομή των ζώων σε προβατίνες οι οποίες εκδήλωσαν δυστοκία και σε προβατίνες οι οποίες 

δεν εκδήλωσαν δυστοκία, παρατηρήθηκαν σημαντικές διαφορές (P<0,047) μεταξύ των δύο 

κατηγοριών σε όλες τις αιμοδυναμικές παραμέτρους στην ομφαλική αρτηρία την 140ή και την 145η 

ημέρα της εγκυμοσύνης. Οι τιμές της έντασης των τόνων φωτεινότητας του γκρι χρώματος στο 

μαστικό παρέγχυμα ήταν μεγαλύτερη στα ζώα της ομάδας Α από τα ζώα της ομάδας Β (P=0,007). 

Ο όγκος αίματος στον μαστικό αδένα ήταν μικρότερος στα ζώα της ομάδας Α απ’ ό,τι στα ζώα της 

ομάδας Β (P<0,05) και επιπλέον παρατηρήθηκαν διαφορές μεταξύ των δύο ομάδων στο δείκτη 

παλμικότητας και στη μέση ταχύτητα του αίματος (P=0,007, P=0,036, αντίστοιχα) κατά τη διάρκεια 

των δύο τελευταίων εβδομάδων της εγκυμοσύνης. Η μέση διάρκεια της εγκυμοσύνης ήταν 

σημαντικά μικρότερης διάρκειας στις προβατίνες της ομάδας Α (145,75 ημέρες) απ’ ό,τι στις 

προβατίνες της ομάδας Β (148,42 ημέρες) (P<0,001). Παρατηρήθηκε επίσης μεγαλύτερο ποσοστό 

προσβολής από περιτοκετιαία προβλήματα στα ζώα της ομάδας Α. Ειδικότερα, το ποσοστό 

προσβολής από δυστοκία, περιγεννητικό θάνατο των εμβρύων/νεογέννητων ή επιλόχειες 

παθολογικές καταστάσεις του γεννητικού συστήματος ήταν 0,500, 0,375 ή 0,250, αντίστοιχα, στα 

ζώα της ομάδας Α, ενώ στα ζώα της ομάδας Β ήταν 0,083, 0,083 ή 0,000, αντίστοιχα (P=0,01, 

P=0,039 ή P=0,031, αντίστοιχα). Το μέσο σωματικό βάρος των νεογέννητων αρνιών από 

προβατίνες στην ομάδα Α ήταν 3,5 kg και αυτό των αρνιών από προβατίνες στην ομάδα Β ήταν 

4,0 kg (P=0,016). Βρέθηκε ότι υπήρχε σημαντική αρνητική συσχέτιση μεταξύ των συγκεντρώσεων 

του β-υδροξυβουτυρικού οξέος στο αίμα των έγκυων προβατίνων και του σωματικού βάρους των 

νεογέννητων αρνιών, καθώς και μεταξύ του παρασιτικού φορτίου των έγκυων προβατίνων και του 

σωματικού βάρους των νεογέννητων αρνιών (P=0,016 και P=0,03, αντίστοιχα). 

Το τμήμα Β του κεφαλαίου περιγράφει την ερευνητική μελέτη και τα σχετικά αποτελέσματα μετά 

τον ενοφθαλμισμό του μαστού των ζώων, ο οποίος πραγματοποιήθηκε την 5η ημέρα μετά τον 

τοκετό. Οι προβατίνες στην ομάδα Α χωρίστηκαν στις υποομάδες Α1 (n=8) και Α2 (n=8) και αυτές 

στην ομάδα Β στις υποομάδες Β1 (n=8) και Β2 (n=4). Τα ζώα στις υποομάδες Α1 και Β1 

ενοφθαλμίστηκαν την 5η ημέρα μετά τον τοκετό με εναπόθεση Mannheimia haemolytica στο 
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θηλαίο πόρο, ενώ αυτά στις υποομάδες Α2 και Β2 ήταν μάρτυρες. Πραγματοποιήθηκαν κλινική και 

υπερηχογραφική εξέταση B-mode και Doppler του μαστού και βακτηριολογική και κυτταρολογική 

εξέταση του μαστικού εκκρίματος, καθώς και ιστολογική εξέταση της ενοφθαλμισμένης θηλής (μετά 

από θηλεκτομή) και του παρεγχύματος των δύο μαστικών αδένων (μετά από λήψη ιστοτεμαχίου με 

βιοψία). Μαστίτιδα εκδηλώθηκε σε όλες (8/8) τις προβατίνες της υποομάδας Α1, σε 1/8 προβατίνα 

της υποομάδας Α2, σε 4/8 προβατίνες της υποομάδας Β1 και σε 0/4 προβατίνες της υποομάδας 

Β2. Η συχνότητα απομόνωσης M. haemolytica από ζώα των υποομάδων Α1 ή Α2 ήταν 

μεγαλύτερη από την αντίστοιχη από ζώα των υποομάδων Β1 ή Β2 (A1 έναντι B1: P<0,08, A2 

έναντι Β2: P>0,3). Επίσης, M. haemolytica απομονώθηκε συχνότερα από δείγματα ιστών ζώων 

των υποομάδων Α1 (Α1 έναντι Β1: P=0,008) και Α2 (Α2 έναντι Β2: P=0,058). Μετά τον 

ενοφθαλμισμό, ο θηλαίος κόλπος και ο γαλακτοφόρος κόλπος απεικονίζονταν ως ανηχογενείς 

κοιλότητες, με παρουσία υπερηχογενών σωματιδίων εντός αυτών. Η υπερηχογραφική εικόνα εντός 

του παρεγχύματος προοδευτικά παρουσίαζε ανομοιογένεια και αδρούς σχηματισμούς. Η διάμετρος 

της μαστικής αρτηρίας αυξήθηκε σημαντικά ήδη έξι ώρες μετά τον ενοφθαλμισμό, οπότε 

παρατηρήθηκε επίσης απότομη και σημαντική αύξηση στον όγκο αίματος στη μαστική αρτηρία 

στην ενοφθαλμισμένη πλευρά του μαστού (A1 έναντι B1: P<0,06), καθώς και στη μέση ταχύτητα 

του αίματος στο αγγείο. Επίσης, παρατηρήθηκε αύξηση στον όγκο αίματος στις ενοφθαλμισμένες 

θηλές. Οι χαρακτηριστικοί λεμφοειδείς σχηματισμοί στο όριο μεταξύ θηλαίου πόρου και θηλαίου 

κόλπου παρατηρήθηκαν σε 3/8 προβατίνες στην υποομάδα Α1 και σε 7/8 στην υποομάδα Β1 

(P=0,019). Στην υποομάδα Α1, οι σωρευτικές τιμές για τα μακροσκοπικά και ιστολογικά ευρήματα 

στη θηλή ήταν 18 και 23, αντίστοιχα και η σωρευτική τιμή για τα ιστολογικά ευρήματα στο μαστικό 

παρέγχυμα της ενοφθαλμισμένης πλευράς ήταν 24. Οι αντίστοιχες τιμές για την υποομάδα Α2 ήταν 

2, 9 και 5, για την υποομάδα B1 ήταν 5, 31 και 16 (P≤0.05 έναντι της υποομάδας Α1) και για την 

υποομάδα Β2 όλες οι τιμές ήταν 0 (P>0.05 έναντι της υποομάδας Α2). 

Τα συμπεράσματα που προκύπτουν από τα ευρήματα αυτής της διατριβής είναι τα 

παρακάτω. 

(α) Αναπτύχθηκε πρότυπο για πρόκληση τοξιναιμίας της εγκυμοσύνης σε προβατίνες για 

εφαρμογή σε πειραματικές μελέτες. Με το εν λόγω πρότυπο, καλύπτονταν οι απαιτήσεις κορεσμού 

των ζώων. Ο παρασιτισμός των ζώων ενδεχομένως συνέβαλε στην αποτελεσματική ανάπτυξη του 

προτύπου. 

(β) Η υπερηχογραφική εξέταση των εμβρύων των προβατίνων με τοξιναιμία της εγκυμοσύνης 

έδειξε μειωμένο όγκο αίματος στην ομφαλική αρτηρία. Παρατηρήθηκαν σημαντικές μεταβολές στις 

αιμοδυναμικές ιδιότητες, ειδικά δε σε προβατίνες στις οποίες εκδηλώθηκε δυστοκία. 
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(γ) Περιγράφηκε η υπερηχογραφική εικόνα των μαστικών αδένων των προβατίνων κατά τη 

διάρκεια της γαλακτογένεσης. Τα ευρήματα της υπερηχογραφικής εξέτασης B-mode έδειξαν 

διαφορές μεταξύ υγιών προβατίνων και προβατίνων με τοξιναιμία της εγκυμοσύνης στην ανάπτυξη 

του μαστικού παρεγχύματος. Επιπλέον, παρατηρήθηκε μικρότερος όγκος αίματος στο μαστό 

προβατίνων με τοξιναιμία της εγκυμοσύνης. 

(δ) Παρατηρήθηκε αυξημένο ποσοστό προσβολής από περιτοκετιαία προβλήματα σε προβατίνες 

με τοξιναιμία της εγκυμοσύνης, καθώς και αυξημένη συχνότητα περιστατικών περιγεννητικής 

θνησιμότητας στα έμβρυα/νεογνά αυτών των προβατίνων. 

(ε) Η τοξιναιμία της εγκυμοσύνης αποτελεί παράγοντα προδιάθεσης για μαστίτιδα στην επιλόχεια 

περίοδο. Πιθανόν, η μειωμένη λειτουργικότητα των λεμφοθυλακίων στο όριο θηλαίου πόρου-

θηλαίου κόλπου να οδηγεί σε μειωμένη προστασία του μαστικού αδένα. 

 

Με βάση την κείμενη νομοθεσία και μετά από σχετική απόφαση στη με αριθμό 

27/03.11.2015 συνεδρίαση της Γενικής Συνέλευσης Ειδικής Σύνθεσης του Τμήματος 

Κτηνιατρικής του Πανεπιστημίου Θεσσαλίας, η συγγραφή της διατριβής έγινε στην αγγλική 

γλώσσα. 

 

 

Δημοσιεύσεις σχετιζόμενες με την παρούσα διατριβή 

 

Στις παρακάτω επιστημονικές δημοσιεύσεις παρουσιάζονται τμήματα της παρούσας 

διατριβής: 

I. M.S. Barbagianni, E. Giannenas, E. Papadopoulos, I.G. Petridis, S.A. Spanos, P.G. Gouletsou, 

I. Valasi, G.C. Fthenakis (2015) "Pregnancy toxaemia in ewes: development of an experimental 

model and potential interactions with gastrointestinal nematode infections" Small Ruminant 

Research , 133:102-107. 

II. M.S. Barbagianni, P.G. Gouletsou, I. Valasi, I.G. Petridis, I. Giannenas, G.C. Fthenakis (2015). 

"Ultrasonographic findings in the ovine udder during lactogenesis in healthy ewes or ewes with 

pregnancy toxaemia" Journal of Dairy Research, 82:293-303. 

III. M.S. Barbagianni, V.S. Mavrogianni, A.I. Katsafadou, S.A. Spanos, V. Tsioli, A.D. Galatos, M. 

Nakou, I. Valasi, P.G. Gouletsou, G.C. Fthenakis (2015) "Pregnancy toxaemia as risk factor for 

development of mastitis in sheep during the immediately post-partum period" Small Ruminant 

Research, 130:246-251. 
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IV. M.S. Barbagianni, S.A. Spanos, K.S. Ioannidi, N.G.C. Vasileiou, A.I. Katsafadou, I. Valasi, P.G. 

Gouletsou, G.C. Fthenakis (2015) "Increased incidence of peri-parturient problems in ewes with 

pregnancy toxaemia" Small Ruminant Research, 132:111-114. 
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ABSTRACT 

 

 

Specific objectives of the present thesis were as follows: (i) the development of a valid 

model for studying pregnancy toxaemia, whilst maintaining appropriate satiation requirements in 

the experimental animals, (ii) the recording, by means of ultrasonographic examination, of 

changes occurring in the foetus and in the udder of ewes with pregnancy toxaemia, (iii) the 

evaluation of consequences of pregnancy toxaemia in affected ewes around the lambing period 

and (iv) the evaluation of the potential predisposing role of pregnancy toxaemia in development of 

mastitis in the immediately post-partum period. 

The thesis is divided into two chapters followed by the General Discussion. 

In Chapter Ι, the literature regarding pregnancy toxaemia is reviewed. 

In the Chapter II, the research work performed is described in detail. The chapter is 

subdivided into two sections. 

Section A of the chapter describes work performed and relevant results until challenge of the 

mammary gland of the experimental animals, which took place on the 5th day after lambing. In 

total, 28 ewes were included into the study. These initially had received effective anthelmintic 

treatment and, then, received a mixture of trichostrongylid infective larvae. Until the 60th day of 

pregnancy, per ewe daily ration was 1.30 kg of a concentrate feed (net energy: 0.844 FUL) plus 

2.50 kg of alfalfa hay. From the 60th to 100th day of pregnancy, per ewe daily ration was 0.60 kg 

of the same concentrate plus 2.00 kg of hay. From the 100th day of pregnancy, per ewe daily 

ration was 0.50 kg of a reduced energy concentrate feed (net energy: 0.748 FUL) plus 0.50 kg of 

alfalfa hay for ewes with one foetus; during that period, respective figures for ewes with two 

foetuses were 0.60 kg and 0.50 kg and for ewes with three foetuses were 0.80 kg and 0.50 kg. In 

the experimental ewes, examinations performed, starting on the 120th day of pregnancy and until 

parturition, were: parasitological examinations of faecal samples, biochemical examination of 

blood samples for measurement of β-hydroxybutyrate and glucose concentrations, B-mode and 

Doppler ultrasonographic examinations of the foetus(es) and of the udder; examinations 

performed after lambing and until the 5th day after that were: weighing of lambs, examination of 

the genital tract of ewes and milk yield measurements of the ewes. In 16 ewes, increased β-

hydroxybutyrate blood concentrations (≥1.2 mmol L-1 in at least two samplings) were detected and 

these animals were allocated into group A; the 12 ewes that did not, were allocated into group B. 

Ewes into group A had greater faecal epg counts and smaller blood concentrations of glucose 
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than ewes into group B (P<0.025, P=0.033, respectively). There were no differences between 

ewes of the two groups (A, B) in findings of ultrasonographic examination of foetus(es), except for 

the blood input into the umbilical artery; in that parametre, values in ewes of group B were 

significantly greater than values in group A animals. However, there was clear evidence that when 

ewes were re-allocated into ones which developed and ones which did not develop dystocia, there 

were significant differences (P<0.047) between them in all haemodynamic parametres in the 

umbilical artery on the 140th and the 145th day of pregnancy. Grey-scale intensity values of 

mammary parenchyma of ewes in group A were significantly greater than of those of ewes in 

group B (P=0.007); blood input into the mammary gland was significantly greater in ewes of group 

B than in ewes of group A (P<0.05) and differences between the two groups were also identified in 

pulsatility index and in mean blood velocity (P=0.007, P=0.036, respectively) during the last 

fortnight of pregnancy. Mean duration of pregnancy was significantly shorter in group A ewes 

(145.75 days) than in group B ones (148.42 days) (P<0.001). There was also a significantly higher 

incidence risk of peri-parturient problems in group A ewes; incidence risks of dystocia, of perinatal 

mortality of offspring and of post-partum genital disorders were 0.500, 0.375 and 0.250 in group A 

and 0.083, 0.083 and 0.000 in group B ewes, respectively (P=0.01, P=0.039 and P=0.031, 

respectively). Median bodyweight of lambs of ewes allocated into group A was 3.5 kg and that of 

ewes into group B 4.0 kg (P=0.016); there was a significant reverse correlation between blood β-

hydroxybutyrate concentrations and lamb birth bodyweight and between nematode epg faecal 

counts and lamb birth bodyweight (P=0.016 and P=0.03, respectively). 

Section B of the chapter describes work performed and relevant results after challenge of the 

mammary gland of the experimental animals. Group A ewes were allocated into subgroups A1 

(n=8) or A2 (n=8) and group B ewes into B1 (n=8) or B2 (n=4). Ewes in A1 or B1 were challenged, 

on the 5th day after lambing, by deposition of Mannheimia haemolytica into one teat duct, whilst 

ewes in A2 and B2 were controls. Clinical and ultrasonographic examination of the udder and 

bacteriological and cytological examinations of the mammary secretion were performed, as well as 

pathological examination of the inoculated teat (after mammilectomy) and of both mammary 

parenchymas (after biopsy). Mastitis developed in 8/8 ewes of subgroup A1, in 1/8 ewe of 

subgroup A2, in 4/8 ewes in subgroup B1 and in 0/4 ewes in subgroup B2. Comparisons between 

subgroups revealed that isolations from A1 or A2 were greater than respective isolations from B1 

or B2 (for A1 versus B1, P<0.08; for A2 versus B2, P>0.3). Also, bacteria were recovered more 

frequently from tissue samples from A1 than from B1 (P=0.008) and from A2 than from B2 

(P=0.058). After challenge, the duct cistern and the gland cistern were observed as anechoic 

cavities, with presence of hyperechoic particles therein; progressively also, the ultrasonographic 
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pattern observed in the parenchyma became markedly heterogeneous, with presence of 

characteristically coarse formations within. After challenge, there was clear evidence for an 

increase in the diametre of the external pudendal artery already 6 h after challenge. There was 

also an abrupt and excessive increase in blood input into the mammary parenchyma of the 

challenged side (for differences between A1 and B1, P<0.06); mean velocity of blood also 

increased immediately after challenge; finally, blood input into the teat increased immediately after 

challenge. The characteristic lymphoid follicles at the border between teat duct and teat cistern 

were observed in 3/8 ewes in A1 and in 7/8 ewes in B1 (P=0.019). In A1, cumulative score for 

macroscopic and histological findings in the teat was 18 and 23, respectively; cumulative score for 

histological findings in the mammary parenchyma ipsilateral to the inoculated teat was 24, whilst 

scores for A2 were 2, 9 and 5, for B1 were 5, 31 and 16 (P≤0.05 compared to results in A1) and 

for B2 were always 0 (P>0.05, compared to results in A2). 

The conclusions from the results of the present thesis are summarised herebelow. 

(a) A model has been developed to induce pregnancy toxaemia in ewes for use in experimental 

studies, at the same time covering satiation requirements of the animals. Parasitism might have 

further contributed to improving efficacy of the model. 

(b) Ultrasonographic examination of foetuses of ewes with pregnancy toxaemia revealed reduced 

blood input in the umbilical artery. There was a particularly intense modification of haemodynamic 

properties in ewes which later developed dystocia. 

(c) Ultrasonographic appearance of the mammary gland of ewes during lactogenesis has been 

described. Results of B-mode ultrasonographic examination indicated differences between healthy 

ewes and ewes with pregnancy toxaemia in the development of mammary parenchyma. Smaller 

blood input into the udder of ewes with pregnancy toxaemia was evident. 

(d) Increased incidence of peri-parturient problems was recorded in ewes with pregnancy 

toxaemia; there was also increased perinatal mortality in their offspring. 

(e) Pregnancy toxaemia can act as a potential predisposing factor for mastitis in the immediately 

post-partum period. Possibly, impairment of the lymphoid follicular structures present at the border 

between teat duct – teat cistern could have been the cause of reduced protection of the mammary 

gland. 
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Preface - Objectives of the thesis 

 

The puerperium starts with completion of parturition. After lambing, the reproductive organs 

continue their increased role, although significance of the genital system obviously decreases and 

that of the mammary glands increases. Mastitis is the most significant disease of the udder, 

causing extensive financial losses in dairy sheep flocks. Moreover, mastitis has been recently 

described as the most significant welfare problem in sheep, independently of production type and 

management system (European Food Safety Authority 2014). 

Although aetiology of mastitis has been clarified, there are still questionmarks regarding 

risk factors for the disease. Various factors (e.g., husbandry, genetic, environmental, diseases) 

have been described as predisposing sheep to mastitis. Inappropriate feeding practices may 

contribute to mastitis. Increased incidence risk of clinical and subclinical mastitis in ewes with 

vitamin A deficiency has been reported, possibly as the result of reduced integrity and functionality 

of the epithelial defences of the mammary gland in affected animals (Koutsoumpas et al. 2013). 

Similarly, selenium deficiency (Giadinis et al. 2011) or increased consumption of cottoncake meal 

(containing increased gossypol concentration) (Fthenakis et al. 2004) have been reported to 

contribute to development of mastitis in ewes, possibly as the result of impeded cellular defences 

of the affected ewes. 

Pregnancy toxaemia is the most important metabolic disease of pregnant ewes. It occurs 

as the consequence of inappropriate management during pregnancy, more often during the last 

month of gestation. Clinical disease requires emergency intervention and increased medical 

attention, as it may lead to death of the affected animals (Brozos et al. 2011). The extent of the 

condition, in which ewes have increased β-hydroxybutyrate blood concentrations but do nor 

develop clinical signs relevant to pregnancy toxaemia (potentially termed ‘subclinical pregnancy 

toxaemia’) is not known. Increased β-hydroxybutyrate blood concentrations in pregnant ewes are 

recognised as a risk factor for development of clinical signs relevant to pregnancy toxaemia and 

are used diagnostically for monitoring the situation within a flock (Brozos et al. 2011). Further, 

potential adverse effects of the problem have not been described in detail. 

The present thesis focuses in experimentally induced pregnancy toxaemia in sheep and its 

potential effects in the mammary gland, with the general objective to increase relevant available 

knowledge. Specific objectives of the thesis are as follows. 

� The development of a valid model for studying pregnancy toxaemia, whilst maintaining 

appropriate satiation requirements in the experimental animals. 
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� The recording, by means of ultrasonographic examination, of changes occurring in the 

foetus and in the udder of ewes with pregnancy toxaemia. 

� The evaluation of consequences of pregnancy toxaemia in affected ewes around the 

lambing period. 

� The evaluation of the potential predisposing role of pregnancy toxaemia in development of 

mastitis in the immediately post-partum period. 

The present thesis has been carried out at the Department of Obstetrics and Reproduction 

of the Veterinary Faculty of the University of Thessaly. Research work started in 2012 and was 

carried out until the end of 2014; it was followed by analysis of results and writing up of the thesis. 

The thesis was financially supported by departmental funds. 

A part of the work described in the thesis was carried out in collaboration with the 

Department of Surgery and the Department of Animal Husbandry and Nutrition of the Faculty; this 

latter collaboration, at subsequent stages of the work, continued with the Department of Nutrition 

of the Faculty of Veterinary Medicine of the Aristotle University of Thessaloniki. Parts of the work 

were also carried out at the private Medical Pathology Laboratory in Karditsa. 
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PREGNANCY TOXAEMIA 

 

 

Introduction 

 

Pregnancy toxaemia is the most common metabolic disorder in sheep, which develops 

during late gestation. It was first described by McClymont and Setchell in 1955. Pregnancy 

toxaemia develops as a hypoglycaemic encephalopathy and hyperketonaemia and is a significant 

cause of deaths in peri-parturient ewes (Mavrogianni and Brozos 2008). 

In affected ewes, of major welfare concern are the reduced feed intake occurring during 

the disease and the hunger associated with it. A further, less obvious, welfare effect is the 

depletion of body fat reserves during late gestation (Robinson 1986). Welfare concerns can also 

be raised in relation to the newborn lambs, which are born with suboptimal bodyweight (Lynch et 

al. 1990, Mukasa-Mugerwa et al. 1994), receive reduced quantity of colostrum of inferior quality 

(Banchero et al. 2002, 2004) and are subjected to inappropriate mothering behaviours by their 

dams (Putu et al. 1988, Dwyer et al. 2003, Everett-Hincks et al. 2005). 

 

 

Aetiology and predisposing factors 

 

Pregnancy toxaemia develops as the result of decreased energy intake by animals, in 

relation to their particularly increased requirements at the end of gestation. The disease is caused 

by abnormal metabolism of carbohydrates and fats during pregnancy (Mavrogianni and Brozos 

2008, Brozos et al. 2011). It is exacerbated by the reduction of the space available in the rumen, 

as a consequence of the progressively increasing size of the gravid uterus (Guard 1995, Panousis 

at al. 2001).  

Pregnancy toxemia occurs mainly in older, multiparous animals (Bickhardt at al. 1998), with 

most cases recorded during the last 14 days before lambing (Henze at al. 1998). Ewes bearing 

two or three foetuses are more susceptible to the disease (Pethick and Lindsay 1982, Everts and 

Kuiper 1983), as in these animals energy deficit is more common due to their increased energy 

requirements. Some sheep breeds are more susceptible to the disease, possibly associated with 

increased lipolysis and blood concentrations of non-esterified fatty acids genetically occurring in 

these breeds (Duehlmeier at al. 2011, 2013). 
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High-producing ewes are more susceptible to the disease (Rook 2000, Brozos et al. 2011), 

as they are at greater risk for negative energy balance. Moreover, bodyweight loss can also 

predispose ewes to the disease (Fthenakis et al. 2012); homoeostatic mechanisms respond to 

changes in energy balance during pregnancy and, depending on the duration and severity of the 

energy deficit period, may lead to reductions in muscle and fat tissue (Chilliard et al. 2000, 

Faulconnier et al. 2001), which are responsible for bodyweight loss by animals. 

Adverse weather conditions (e.g., low temperatures, windy periods) also predispose to the 

disease, as they increase energy requirements of animals. Hence, the incidence risk of the 

disease is increased during the winter months (Panousis et al. 2001). 

Wasting diseases (e.g., parasitic infections, paratuberculosis) also predispose ewes to 

pregnancy toxaemia by increasing energy depletion. Further, diseases that affect feed intake (e.g., 

dental problems, lameness) can also act as risk factors for development of pregnancy toxaemia 

(Panousis et al. 2001). 

Finally, factors not directly associated with the animals (e.g., financial situation of the 

farmer) can also predispose to development of the disease within a flock, as they may affect 

management practices necessary for prevention of the disease. 

 

 

Pathogenetic pathways 

 

Approximately 60% of foetal growth takes place during the last stage of gestation 

(Twardock et al. 1973), during which period up to 40% of the available glucose in the pregnant 

female is directed to the foetoplacental unit, in order to satisfy energy demands (Hay et al. 1983, 

Rook 2000). During that stage, the female animal’s metabolism, in order to meet growing energy 

demands of the developing foetus(es) increases hepatic gluconeogenesis, reduces glucose 

uptake by maternal peripheral tissues and enhances placental glucose transport capacity (Bell and 

Bauman 1997). Foetuses require glucose and amino acids, for energy and for protein deposition. 

If energy requirements are not met, it would lead to increased rate of lipolysis and an increase in 

rate of ketone body production. Further, glucose demands are increased if multiple foetuses are 

borne (Sargison et al. 1994), in which case increased hepatic entry rates of β-hydroxybutyrate 

(Pethick and Lindsay 1982), decreased glucose and insulin blood concentrations (Marteniuk and 

Herdt 1988, Sigurdsson 1988) and increased ketone body blood concentrations (Varnam et al. 

1978) occur. 

Institutional Repository - Library & Information Centre - University of Thessaly
23/05/2023 16:40:46 EEST - 44.213.66.193



 

 

 

24

In sheep, glucose is the most important energy source, with insulin being the major 

regulator of energy partitioning (Hart 1983); therefore, glucose deficiency develops in case of 

significant malfunction of sheep metabolism. Bergman (1973) has reported that increased glucose 

synthesis was usually associated with decreased ketone body formation. Conversely, in sheep 

with reduced feed intake, which causes significantly reduced glucose turnover, ketonogenesis 

increases (Kronfeld and Simesen 1961). In sheep, glucose blood concentrations are 

physiologically smaller during pregnancy than during the lactation period (Bickhardt and Konig 

1985, Henze et al. 1994), which explains the greater risk for development of the disease in 

pregnancy than in lactation. This may be the consequence of increased glucose utilisation by the 

growing foetus(es) (Rook 2000) or of impaired hepatic gluconeogenesis in pregnant animals 

(Schlumbohm and Harmeyer 2004). Further, hypocalcaemia, which may also be the result of 

imbalanced nutritional regime, depresses endogenous glucose production (Schlumbohm and 

Harmeyer 1990, 1999, 2003) and that way contributes to development of pregnancy toxaemia 

(Simensen 1971, Bath 1983), with which it often coexists. The positive correlation between blood 

concentrations of glucose and insulin indicates that variations in insulin blood concentrations 

between reproductive stages can be the effect of variations in glucose blood concentrations, i.e., 

in cases of increased blood glucose values, there is increased glucose-stimulated pancreatic 

insulin secretion (Duehlmeier at al. 2011). The decreased blood concentrations of insulin in late 

pregnancy may also be the result of increasing lipolysis (Regnault et al. 2004); the observation of 

Boden and Shulman (2002) that long-term increased blood concentrations of non-esterified fatty 

acids inhibit secretion of insulin because of a ‘lipotoxicity’ of fatty acids in pancreatic-cells, lends 

support to the hypothesis. 

It thus becomes evident that negative energy balance results in glucose deficiency, which 

is the initial factor leading in pregnancy toxaemia (Rook 2000, Van Saun 2000, Kulcsar et al. 

2006). 

During the last stage of pregnancy, ewes may develop a decreased insulin sensitivity, 

which reduces glucose use by peripheral tissues and increases dependence on lipid and ketone 

metabolism; this can be exaggerated by undernutrition (Petterson et al. 1993). Glucose for 

foetuses is transferred in a different way than in maternal tissues: the placental glucose transport 

takes place via the insulin independent glucose transporter 1 (GLUT1), while glucose uptake in the 

maternal skeletal muscles and adipose tissue is mediated by the insulin dependent glucose 

transporter 4 (Anderson et al. 2001). 

Additionally, during negative energy balance, various endocrinological parametres are 

modified. Schwartz et al. (2000) and Woods (2005) have found that various factors (e.g., insulin, 
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leptin, insulin like growth factor-1, ghrelin) involved in regulation of feed intake and energy usage 

are affected by the energy imbalance. Under-nourished pregnant ewes have been found with 

smaller concentrations of leptin (Thomas et al. 2001, Bispham et al. 2003) and insulin (Wallace et 

al. 1999, Luther et al. 2007) compared to ewes receiving balanced rations; their deficiency may 

further affect feed intake and nutrient mobilisation (Schwartz et al. 2000, Woods and Seeley 

2000). Further, intracerebroventricular infusion of sheep with leptin has been shown to decrease 

their feed intake (Henry et al. 2001, Morrison et al. 2001); similar findings have been reported after 

intracerebroventricular infusion of insulin (Foster et al. 1991). 

Long-standing undernutrition has been found to lead to suppression of the hypothalamic-

pituitary-adrenal axis and reduced cortisol blood concentrations in pregnant ewes (Jaquiery et al. 

2006, Verbeek et al. 2012). Potentially, cortisol could play an indirect role, through its influence on 

leptin, as leptin and cortisol mutually regulate each other and affect energy balance (Leal-Cerro et 

al. 2001). Possibly, insulin like growth factor-1 plays an important role in carbohydrate and protein 

metabolism, as well as in cell replication and differentiation (Gluckman et al. 1987, Jones and 

Clemmons 1995); furthermore, it is essential in regulation of growth of the placenta and foetus 

(Wathes et al. 1998, Fowden 2003) and maternal nutrition may influence foetal development 

through this (Bassett et al. 1990, Brameld et al. 2000), directly or through partitioning of nutrients 

between tissues (Fowden 2003). 

In order to cover energy demands, pregnant ewes mobilise fatty acids from peripheral 

tissues for transport to the liver and extra-hepatic tissues. Uptake of fatty acids by the liver is 

proportional to their concentration in the blood. In the liver, fatty acids are stored as triglycerides 

and may be transformed to ketone bodies, be oxidised or be incorporated into lipoproteins in the 

Golgi device for release into the general circulation (Lean 2002). The mobilisation of long chain 

fatty acids from adipose tissue leads to incease of blood concentrations of non-esterified fatty 

acids and of ketone bodies. Therefore, blood concentrations of non-esterified fatty acids reflect fat 

mobilisation and those of β-hydroxybutyrate reflect fat oxidation in the liver (LeBlanc 2010); that 

way also, measurement of glucose and β-hydroxybutyrate blood concentrations can also be used 

to assess the nutritional status of pregnant ewes in late gestation (Russel 1984). As ketones are 

metabolic acids, acidosis may also develop in cases of pregnancy toxaemia (Lean 2002). 

The ketone bodies are oxidised, that way providing fuel for energy production. Many 

peripheral tissues (e.g., heart, skeletal muscles, kidneys, developing mammary glands) gain 

energy from the oxidation of ketone bodies (Harmeyer and Schlumbohm 2006). At the end, 

incorporation of acetyl coenzyme A into the Krebs cycle is inhibited and leads in accumulation of 

triglycerids into the hepatic cells; this lead to transformation of the acetyl coenzyme A to acetate, 
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β-hydroxubutyrate and acetone. Lack of oxaloacetate leads to incomplete break-down of non-

esterified fatty acids, leading to enhanced ketonogenesis and consequently increased β-

hydroxybutyrate blood concentrations, which inhibit gluconeogenesis and contribute to further 

hypoglycaemia of the pregnant animal; in turn, this enhances the energy deficit and continues the 

production of ketone bodies in a vicious circle, concluding in pregnancy toxaemia (Schlumbohm 

and Harmeyer 2004). 

Possibly, additional endocrinological factors may be involved in development of the disease 

(Schlumbohm and Harmeyer 2004). Cortisol blood concentrations can have an effect in lipid 

mobilisation and ketonaemia during late gestation (Reid 1960), whilst increased blood 

concentrations of progesterone and oestradiol have been recorded in ewes that received reduced 

energy after the 100th day of gestation (Lemley et al. 2014). 

Further, the insufficient oxidation of fatty acids leads in accumulation of triglycerides in 

hepatic cells (Lean 2002), which, given that mechanisms of their metabolism in or export from the 

liver are impaired, results in hepatic lipidosis. This can be a further factor contributing to pregnancy 

toxaemia. In the absence of propionate influx from the rumen, there is a reliance on amino acids 

and lactate to provide carbon chains for gluconeogenesis. Sheep more susceptible to pregnancy 

toxaemia have been found with hepatocytes producing smaller amounts of glucose from 

glucogenic precursors, including propionate, lactate and alanine. The impaired liver function 

observed before development of pregnancy toxaemia has been attributed to a diversion of the 

metabolism of polyunsaturated fatty acids from phospholipids to triacylglycerols; this could explain, 

at least partly, the degenerative changes in membrane and subcellular organelle structure within 

the organ (Henderson at al. 1982). Recently, Chen at al. (2012) have reported that hepatic 

expression of angiopoietin-like protein 3 gene (which encodes a member of a family of proteins 

expressed predominantly in the liver) was significantly down-regulated in animals with pregnancy 

toxaemia (Oike et al. 2005). Angiopoietin-like protein 3 is a secretory glycoprotein expressed only 

in the liver (Conklin et al. 1999), which can mediate in lipolysis of adipocytes (Shimamura et al. 

2003) and contribute in carbohydrate metabolism and lipid metabolism (Robciuc et al. 2010). 

The foetus has also a strong demand for amino acids, which are primarily used for 

provision of energy (rather than coverage of structural needs). This demand is met from dietary 

sources and mobilisation of protein reserves. Sheep having received, in early gestation, increased 

energy before subsequent exposure to an energy deficit were found to be able to maintain 

optimum gluconeogenesis than animals which had received an energy deficient nutritional regime 

at the start of gestation. Anyway, after protein reserves would be depleted, there is little possibility 
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for pregnant animals to produce glucose if the diet failed to provide sufficient protein or propionate 

(Lean 2002). 

Hence, the reduced ability of ewes in late gestation to utilise ketone bodies is another key 

factor in the pathogenesis of pregnancy toxaemia. Hyperketonaemia is a characteristic feature of 

pregnancy toxaemia and explains, at least in part, why the disease occurs much more often in the 

last stage of pregnancy rather than in the early lactation period when energy output would be 

greater. 

 

 

Effects of the disease in immunity 

 

The increased blood concentrations of glucocorticoids and ketone bodies present in 

pregnancy toxaemia have been considered to contributing to the suppression of cell-mediated 

immunity in affected animals. Sartorelli et al. (1999, 2000) have reported that ovine neutrophils 

after incubation with β-hydroxybutyrate showed impairment of particle uptake, chemotaxis and 

bactericidal activity. Lacetera et al. (2001) have commented that pregnancy toxaemia could alter 

cell-mediated immunity of ewes, as the reduced concentration of glucose coupled with the 

potentially toxic effects of β-hydroxybutyrate and non-esterified fatty acids had negative effects in 

the proliferation of mononuclear cells of sheep; they have also indicated that antigen-specific IgG 

production in ewes with pregnancy toxaemia was also negatively affected. 

 

 

Manifestations 

 

Clinical features 

 

Initial clinical features of pregnancy toxaemia may not be noticed. An observation leading 

to suspicion of pregnancy toxaemia is that pregnant ewes would be standing away from the flock, 

rejoining it if prompted to, or staying in a corner of the animal house, often leaning on a wall, 

especially if enclosed into a pen. Later, mild neurological signs develop, including depression or 

suppression; affected animals have only instinctive responses to stimuli applied to the ocular, 

auditory and/or olfactory exteroceptors. However, often these initial symptoms may not be 

observed, with animals appearing to be clinically normal at that time, with more pronounced 
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symptoms developing later. The hyperketonaemia, which develops progressively, exerts a 

depressive action on appetite of affected animals, which becomes selective; animals would 

gradually stop eating concentrate feed, hay and, finally, straw (Scharrer 1999, Rossi et al. 2000, 

Panousis et al. 2001, Sargison 2007, 2008). 

At a later stage of the disease, sheep would show marked depression and little or no 

reaction to approach by people. Ocular and/or auditory reflexes could be depressed or absent at 

this stage and the sheep would often walk into other animals or objects. With further depression of 

consciousness, the affected animals would remain standing, often with the head against a wall, for 

many hours at a time with no attempt to move. They would show no reaction to humans or other 

situations that usually are stressful for a flock. Neuromuscular disturbances may also be observed, 

varying in intensity and degree of spread; these include myoclonic twitching of the ears, periorbital 

muscles and muzzle and clonic intermittent contractions of muscle groups of the head, back and 

limbs, lasting for seconds to few minutes, at a rate of one to three per second. These usually 

develop suddenly, with rapid spread over the muscle groups. Respiration rate and rectal 

temperature are not modified (Panousis et al. 2001, Sargison 2007, 2008). 

Eventually, affected ewes would go in sternal or lateral recumbency and usually make no 

attempt to rise on stimulation, having complete lack of reaction to the environment, except for 

lower reflexes. Some sheep may pass through short periods during which they might be 

hypersensitive to stimuli, standing quivering and reacting with a violent start to any sudden 

stimulus, although changes in consciousness are observed. Paddling movements of the limbs are 

often recorded in ewes in lateral recumbency. Chewing movements, manifested by teeth grinding 

and vigorous licking movements, can be observed (Panousis et al. 2001, Sargison 2007, 2008). 

Animals show loss of eye reservation reflex (response by blinking and/or movement of the 

head to a hand moved suddenly towards the eye), of pupillary light reflex (response of pupil, by 

dilation, to closing of the lid and shading of the eye, then, by constriction, to sudden exposure to 

bright light) and frequently of auditory reflex (response by movement of the head or ears to 

sudden shouting near the ears). If food is put in the mouth of sheep, it may be chewed and 

swallowed (Panousis et al. 2001, Sargison 2007, 2008). 

It is noteworthy that animals can show a marked clinical improvement, if foetuses die in 

utero. However, this would be often followed by deterioration of the clinical condition after one to 

two days. Death is the most common outcome, if treatment would not be instigated at an early 

stage of the disease. In any case, all sheep do not necessarily show all the symptoms or pass 

uniformly through all stages of depression of consciousness. 
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Paraclinical findings 

 

The salient paraclinical finding is the increased blood concentration of β-hydroxybutyrate, 

which characterises the disease. In animals with clinical signs of the disease, values of the 

parametre often are above 2.5 to 3.0 mmol L-1 (Sargison et al. 1994). Acetate blood 

concentrations are also above 0.2 mmol L-1. In such cases, there is also marked hyperketonuria 

that becomes evident even by using semi-quantitative measuring methods (Hindson and Winter 

1990, Panousis et al. 2001, Sargison 2007, 2008). 

Hypoglycaemia is another salient feature of the disease, with values of glucose blood 

concentrations being <50 mg dL-1 or even <35 mg dL-1 in severe cases of the disease. It is 

however noteworthy that, if foetuses die in utero, glucose values may be within the reference 

range (Panousis et al. 2001). 

Hypocalcaemia can be a feature of the disease, as decreased feed intake reduces 

intestinal calcium absorption, lowering blood concentration of calcium (Harmeyer and 

Schlumbohm 2006). Increased aspartate aminotransferase activity and decreased albumin blood 

concentration may be the result of impaired liver function, due to fat infiltration of that organ 

(Radostits et al. 2007, Smith and Sherman 2009). 

As the disease can lead to impairment of renal function with glomerular lesions (Ferris et 

al. 1969), renal dysfunction and decreased creatinine clearance may occur. These can be 

manifested with increased blood concentrations of creatinine and blood urea nitrogen in affected 

ewes (McCausland et al. 1974). 

Haematological findings can include increased (due to dehydration) (Smith and Sherman 

2009) or decreased (due to rupture of erythrocytes) (Tharwat and Al-Sobayil 2014) haematocrit 

and haemoglobin concentration values. The rupture of erythrocytes would be the result of 

endotoxaemia (Smith and Sherman 2009). Anaemia in pregnant ewes would lead to increased 

pulmonary oxygen ulitisation, hence decreased partial oxygen pressure in the blood vessels, 

including the umbilical artery. Increased blood concentration of cardian troponin I has also been 

indicated to occur in cases of the disease (Tharwat at al. 2012). 

Changes in cerebrospinal fluid include reduced glucose concentrations (Scott et al. 1995), 

but no alterations in other parametres (Scott 1992). 
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Post-mortem findings 

 

Carcasses are often in poor condition up to emaciated, as well as dehydrated. Liver 

lipidosis may be evident; the liver is usually swollen, pale and friable. Histologically, there may be 

distension of the parenchymatous cells with presence of fatty globules. Fat content in the liver can 

be increased up to 30% w/w, indicating triglyceride saturation (Sargison 2007). 

The adrenal glands can be hypertrophied and pale or hyperaemic. Lesions in the lungs are 

usually associated with the prolonged recumbency. Dead foetuses, often decomposed, found in 

the uterus are a principal feature of the disease. Histological lesions in the brain include nuclear 

swelling, hypertrophy and proliferation and cerebrocortical necrosis (Panousis et al. 2001, 

Sargison 2007, 2008). 

 

 

Diagnosis 

 

The clinical diagnosis takes into account the gestational stage of the animal and the 

combination of the relevant clinical findings. The post-mortem examination provides little 

diagnostic support as findings are non-specific. Confirmation of clinical diagnosis of pregnancy 

toxaemia is achieved by measurement of β-hydroxybutyrate blood concentration and identification 

of the increased values of the parametre; availability of rapid measurement equipment makes 

estimation of the parametre possible even in field conditions (Panousis et al. 2012). Measurement 

of glucose blood concentration is also of help, whilst measurement of calcium blood concentration 

does not provide significant diagnostic support, but should be performed, as hypocalcaemia is 

often a simultaneous problem (Panousis et al. 2001, Sargison 2007). 

 

 

Control 

 

Prognosis 

 

In cases of pregnancy toxaemia, prognosis should always be cautious. The efficacy of the 

treatment depends upon timely diagnosis of the problem and early start of the treatment regime. 

Treatment of the disorder should be based on two general principles: (i) administration of energy 
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sources and (ii) removal of factors increasing energy requirements of affected animals, which may 

not be always applied successfully (Brozos et al. 2011). 

However, treatment may still fail, even after a timely start. In animals with signs of the 

terminal stage of the disease (neurological signs, blindness, recumbency), it often leads to 

transient improvement of the general condition of the animal, which could subsequently 

deteriorate; finally, the animal would die. Sargison (1995) has reported that, despite a full course 

of treatment of toxaemic ewes, only one third of affected ewes would likely survive. Evaluation of 

glucose blood concentration in animals with pregnancy toxaemia may be used as an indicator of 

viability of foetuses (Lima et al. 2012). 

In such cases, for welfare reasons, euthanasia of affected animals should be considered 

before instigation of treatment. Sub-standard welfare of sick animals adds to the financial 

constraints of treatment, which can be expensive, but often fruitless. Further, even if treated 

intensively, ewes may die after parturition (Henze et al. 1998). Hence, possibly euthanasia might 

be the best approach for the welfare of affected animals and depending on the circumstances 

(Caroprese et al. 2016). 

 

Treatment of affected ewes and their newborn lambs 

 

Treatment of cases of pregnancy toxaemia has been recently reviewed in detail by Brozos 

et al. (2011). In general, it is based in the administration of energy sources (e.g., glucose, 

propylene glycol, dextrose), for which various schemes and routes of administration have been 

established (Buswell et al. 1986, Andrews 1997, Rook 2000, Sargison 2007, Brozos et al. 2011). 

Administration of various other agents (e.g., recombinant bovine somatotropin, insulin, flunixin 

meglumine) as part of the therapeutic regime has also been reported (Andrews 1998, Henze et al. 

1998, Zamir et al. 2009), but these have not been widely employed in clinical conditions. 

Removal of foetuses by induction of lambing or caesarean section is also part of the entire 

therapeutic scheme, as it leads to decrease of energy requirements of the pregnant animal 

(Sargison 2007, 2008, Brozos et al. 2011). Usually, after removal of foetuses, the general 

condition of the animal is improved. Often however, it may deteriorate again, especially if the 

foetus(es) had died in utero. 

Newborn lambs from ewes with pregnancy toxaemia require increased care. These usually 

have a suboptimal birth weight, are stressed and may be premature. If their cardiac or respiratory 

function is weak, their body should be massaged to induce respiration. Doxapram hydrochloride 

(5-10 mg per lamb) should be administered by intravenous or subcutaneous injection or by 
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sublingual dropping (Monin 1994). If the dam cannot produce adequate amount of colostrum, then 

the newborns should be given colostrum from another ewe in the flock or from the ‘colostrum 

bank’ of the farm at a dose of 50 mL kg-1 bw, 4 times in the first 24 hours of life. Subsequently, it 

should be evaluated whether the ewe/doe would be able to produce enough milk for feeding the 

newborns; if this is not considered to be possible, artificial feeding should be undertaken (Brozos 

et al. 2011). 

 

Care for other ewes in a flock with affected animals 

 

Pregnancy toxaemia should be considered as a flock problem. If clinical cases of the 

disease are diagnosed in a flock, then clinically health animals in that flock are potentially at risk to 

also develop the disease (Brozos et al. 2011). Therefore, appropriate measures must be taken for 

these animals. Risk factors, at individual and flock level, should be evaluated at the time of 

attending any ill animals for initiating remedial actions. 

A broad-spectrum anthelminthic treatment course should be administered in all animals if a 

diagnosis of gastrointestinal parasitism can be supported. Then, pregnant animals could be 

grouped according to body condition score and to stage of pregnancy, in order to improve feeding 

appropriately and according to the needs of each group, as well as to avoid wasteful feeding to 

animals. If grouping of animals is not possible, high-energy supplementary feed (e.g., vegetable 

fat, molasses) should be provided to all pregnant animals in the flock. Administration of a propionic 

salt (sodium or calcium) is also beneficial (Brozos et al. 2011). 

It is noteworthy that as clinical cases had already been diagnosed in the flock, the flock had 

already been characterised as an at risk flock, so individual animals need to be identified in order 

to prevent development of the disease, as well as for early instigation of treatment if clinical signs 

develop. For this, measurement of β-hydroxybutyrate blood concentration in ewes at the last 

month of gestation can be performed. If the number of foetuses borne by the ewe has not been 

identified, the value of 0.8 mmol L-1 should be considered to indicate that the animal is at 

increased risk of developing clinical disease; if the number of foetuses had been determined, then 

the measurement should be applied only in animals carrying multiple foetuses and a threshold of 

1.2 mmoL L-1 should be considered (Sargison 2007, Braun et al. 2010, Fthenakis et al. 2012). 

Animals found to have β-hydroxybutyrate blood concentration above those thresholds should be 

separated from other animals and monitored closely for development of early signs of the disease, 

in which case treatment should be instigated immediately. If the financial or labour constraints 

preclude the above approach, then examination of 10 to 15% of animals in the flock is of value 
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only in order to assess progreesive changes in the β-hydroxybutyrate blood concentration on 

population basis. 

Recent reports have indicated that the administration of butaphosphan and 

cyanocobalamin in animals of flocks with clinical cases of the disease may be of value to prevent 

further cases (Pereira et al. 2013, Temizel et al. 2015). Butaphosphan is an organic source of 

phosphorus that acts in gluconeogenesis in hepatic carbohydrate metabolism and plays a 

signifficant role in ATP synthesis (Rollin et al. 2010) and cyanocobalamin is the synthetic analogue 

of vitamin B12, which can be used as gluconeogenetic substrate (Pereira et al. 2013). Reports 

have indicated the efficacy of the combination in the prevention of ketosis in cows (Furll et al. 

2010, Rollin et al. 2010), but its clinical application in sheep has been thusfar limited. 
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A. BEFORE CHALLENGE OF THE MAMMARY GLAND 

OF THE EXPERIMENTAL EWES 

 

 

Materials and methods 

 

Experimental overview 

 

In total, 28 3- to 5-year old Chios-cross ewes were included into the study. Conditions 

prescribed by legislation of the European Union in relation to animal experimentation procedures 

(Council Directive 86/809/EEC) were met during this work. Throughout the study, ewes were 

housed. 

Animals were included into the study in the summer, when they were at the end of their 

lactation period. Ewes with no history of mastitis were considered. Moreover, a general clinical 

examination, with special reference to their udder, was initially performed. Milk samples were 

collected for bacteriological and cytological examinations. 

All animals into the study were initially drenched with a broad-spectrum anthelmintic, 

specifically netobimin (HAPADEX® or. dr., Merck Animal Health, Summit, USA; dose rate: 20 mg 

kg-1 bodyweight) 30 days before mating. Then, 21 days later, the ewes received orally 2 mL of 

phosphate-buffer-saline containing 5,000 third-stage larvae of a trichostrongylid helminth mixture 

of local strains of Teladorsagia spp., Trichostrongylus spp., Cooperia spp., Haemonchus spp. and 

Oesophagostomum spp., which had been kindly prepared by Dr E. Papadopoulos. 

Four rams of known fertility were penned in a box adjoining to the one with the ewes for 

one month before their introduction into the females. They were introduced into ewes in early 

August, at which time sheep were in the reproductive season and the experimental ewes were into 

the dry-period. Animals were observed daily and matings were recorded; all ewes were mated 

within 20 days after ram introduction and no repeat matings were observed. For subsequent 

management of the experimental animals, first day of pregnancy (P0) was considered to be the 

day of their mating. 

Ewes were subsequently monitored throughout their pregnancy. Repeated 

ultrasonographic examinations were carried out to confirm pregnancy and number of foetuses 

borne. Further, ultrasonographic examination of the mammary parenchyma was performed. 
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Blood samples were regularly collected from all ewes at regular time-points subsequently 

to the 100th day of pregnancy (P100), for measurement of β-hydroxybutyrate and glucose 

concentrations. Faecal samples were also collected for parasitological examinations. 

Ewes with clinical signs relevant to pregnancy toxaemia were recognised for treatment. All 

ewes lambed; their parturition (L0) was monitored. Possible obstetrical problems were recorded; 

details of the situation and outcome were noted. Further, possible post-partum genital disorders of 

the ewes were monitored. 

 

Clinical examination of the udder of the experimental ewes – 

Sample collection 

 

Before admission into the study, all ewes were clinically examined, with special attention 

paid to their mammary glands and teats (Fthenakis 1994, Saratsis et al. 1998, Mavrogianni et al. 

2005). In all cases, samples were collected from both teats and both mammary glands of each 

ewe. 

A thorough disinfection was carried out by using povidone iodine scrub solution on the teat 

apex and the lower (1 cm) part of the teat skin. A fine (20 G), plastic, sterile catheter (Abbocath®; 

Abbott, Abbott Park, IL, USA) was used for sampling the teat duct and collecting teat duct 

material. The stylet was taken out and the catheter was cut with a sterile blade to a length of 2 

mm. In order to ensure accurate and consistent cutting of the catheter at the desired length, a 

sterilised ruler was always placed beside the catheter. The whole procedure was carried out under 

aseptic conditions. The catheter was held from the cannula hub and was inserted into the teat, 

rolled around the internal teat wall, in order to sample the mucosa, and then withdrawn. 

Description and validation details of the method have been presented previously (Mavrogianni et 

al. 2006a). Milk samples were then obtained. The first two squirts of secretion were drawn onto the 

palm of the gloved hand of the investigator and examined for the presence of abnormal signs; 

then, 10 to 15 mL of secretion were carefully collected into a sterile container. 

Subsequently, clinical examinations of the udder were performed on each occasion when 

ultrasonographic examination of the mammary parenchyma was carried out during the last stage 

of pregnancy. 
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Bacteriological and cytological examinations of samples from the 

experimental ewes 

 

Samples of material collected on the tip of the catheter (‘teat duct material’) and milk 

samples were plated onto Columbia 5% sheep blood agar; the media were incubated aerobically 

at 37 oC for up to 72 h. Throughout this study, all bacteria isolated were identified by using 

conventional techniques (Barrow and Feltham 1993, Euzeby 1997). 

The California Mastitis Test (CMT) was carried out in milk samples, as described by 

Fthenakis (1995) for ewes’ milk, by using a reagent (Jorgen Kruuse A/S, Marslev, Denmark). Five 

degrees of reaction scores (‘negative’, ‘trace’, ‘1’, ‘2’, ‘3’), were recognised, according to the 

standards of Schalm et al. (1971) and Fthenakis (1995) for ewes’ milk. Finally, leucocyte 

subpopulations were identified by direct microscopy after Giemsa stain of milk films; in each case, 

100 cells were observed and counted. 

 

Feeding of the experimental ewes 

 

Starting 40 days before ram introduction and until the 60th day of pregnancy (P60), the 

ration provided per ewe was 0.65 kg of a commercial concentrate feed in mash form plus 1.25 kg 

of alfalfa hay, offered twice daily. Barley straw was provided into the pens thrice daily, whilst water 

was available ad libitum. The concentrate feed was based on cereal grains, cereal bran and oil by-

products; details are in Table II.i. From P60 to P100, the ration provided per ewe was 0.30 kg of 

the same concentrate plus 1.00 kg of alfalfa hay, offered twice daily. Barley straw and water were 

also provided. 

On P100, ewes were allocated into separate pens according to the number of foetuses 

borne (one, two or three), as indicated in the ultrasonographic examination. In ewes with one 

foetus, the ration provided per ewe was 0.25 kg of a specially formulated and prepared 

concentrate feed in mash form plus 0.25 kg of alfalfa hay, offered twice daily. Respective figures 

for ewes with two foetuses were 0.30 kg and 0.25 kg and for ewes with three foetuses were 0.40 

kg and 0.25 kg. Barley straw was provided into the pens thrice daily, whilst water was available ad 

libitum. The concentrate feed was based on cereal grains, cereal bran and oil by-products; details 

are in Table II.i. 

 

 

 

Institutional Repository - Library & Information Centre - University of Thessaly
23/05/2023 16:40:46 EEST - 44.213.66.193



 

 

 

38

Table II.i. Details of the concentrate feed (in mash form) provided to ewes during the study. 

 
Concentrate feed provided 

until 100th day of pregnancy 

Concentrate feed provided 

after 100th day of pregnancy 

Feed composition (g kg-1) 

Maize grains  200.0 200.0 

Barley grains 120.0 10.0 

Wheat grains 40.0 21.5 

Wheat bran 280.0 355.5 

Cottoncake meal 120.0 160.0 

Sunflower meal 100.0 121.0 

Lucerne meal 60.0 52.0 

Soybean meal 30.0 30.0 

Soy oil 2.5 5.0 

Limestone 32.5 30.0 

Monocalcium phosphate  1.5 1.5 

Magnesium oxide 1.0 1.0 

Vitamin premix1 1.0 1.0 

Trace mineral premix2 1.5 1.5 

Salt 10.0 10.0 

Total 1000 g 1000 g 

Feed proximate analysis3 (g kg-1) 

Dry matter 882.2 888.1 

Crude protein (N×6.25) 142.2 174.2 

Crude fat (ether extract) 53.3 46.3 

Crude fibre 93.0 128.1 

Ash 75.9 78.1 

Starch 306.1 203.3 

Feed calculated analysis 

Calcium (g kg-1) 11.9 11.5 

Phosporus (total) (g kg-1) 7.2 7.5 

Sodium (g kg-1) 4.1 4.1 

Chloride (g kg-1) 6.4 6.4 

Lysine (g kg-1) 6.1 6.5 

Methionine+cystine (g kg-1) 5.4 5.8 

Net energy (FUL) 0.884 0.748 

1 Supplied per kg of concentrate feed: retinol 10,000 IU, cholecalciferol 2.500 IU, tocopherol 30 IU. 

2 Supplied per kg of concentrate feed: zinc 100 mg, manganese 100 mg, iron 80 mg, cobalt 0.2 mg, iodine 2 

mg, selenium 0.2 mg. 

3 According to Association of Official Analytical Chemists (1995). 
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Feed was provided in troughs allowing a space of 40 cm per ewe. Transition from the 

standard concentrate feed to the specially formulated feed was carried out as follows: for 3 days a 

mixture of 3:1 standard feed:special feed was given to ewes, for another 3 days a mixture of 1:1 

standard feed:special feed was given and, finally, for another 3 days a mixture of 1:3 standard 

feed:special feed was given. 

 

Parasitological examinations of faecal samples from the 

experimental ewes 

 

Faecal samples were initially collected on the day of challenge with the trichostrongylid 

helminth larvae mixture, 21 days later (9 days before ram introduction into the flock of ewes) and 

28 days after ram introduction into the ewes. Then, samples were again collected on P100, P120, 

P140. Faecal samples were collected directly from the rectum of each animal, placed into an 

isothermic box and transferred to the laboratory for epg counting. Each sample was divided in 

three lots, as follows. One lot was processed for trichostrongylid epg counting according to the 

modified McMaster technique with saturated NaCl solution; the second lot was processed for 

Dicrocoelium dendriticum epg counting according to the modified McMaster technique with ZnSO4 

(sp.g. 1.40); finally, the third lot was processed for Fasciola spp. and Paramphistomum cervi epg 

counting by using the Telemann sedimentation technique (acid - ether) (Ministry of Agriculture, 

Fisheries and Food 1986, Rehbein et al. 1999, Otranto and Traversa 2002, Taylor 2010). 

 

Biochemical examinations of blood samples from the experimental 

ewes 

 

Starting on P100 and every 5 days thereafter, a blood sample was collected from each ewe 

into the study, for measurement of β-hydroxybutyrate and glucose concentrations. On each 

occasion, samples were collected 4 to 5 hours after the morning feeding of the animals. A drop of 

blood was placed on an appropriate strip, which was subsequently inserted into an automated 

reader (Precision Xceed Meter®; Abbott Laboratories, Abbott Park, IL, USA), validated for 

measurement of β-hydroxybutyrate or glucose concentration in sheep blood (Panousis et al. 2012, 

Pichler et al. 2014). Different strips were used for measurements of β-hydroxybutyrate and 

glucose concentrations. 
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Ultrasonographic examinations of the foetus(es) of the experimental 

ewes 

 

Starting on P40, in the morning of each test day, a standard ultrasonographic examination 

of the uterus of each ewe was performed in order to confirm pregnancy, as well as to measure 

number of foetuses. The examination was repeated on P70, P100 and P120 to confirm 

continuation of pregnancy. After P120, animals were examined every five days until lambing 

(P125, P130, P135, P140, P145). On each of these days (P120-P145), the diametre of the 

abdomen of the foetus and a Doppler ultrasonographic examination of the umbilical artery were 

also performed. 

The examination was performed with the animal on the standing position and restrained 

inside a crate, using the support of an assistant. For examination, hair on the abdomen and the 

udder had been fully clipped. 

The standard procedure of ultrasonographic examination of ewes for diagnosis of 

pregnancy was performed with an ultrasound scanner (MyLab® 30; ESAOTE SpA, Genova, Italy) 

fitted with a convex transducer; 7.5 MHz imaging frequency and 120 mm scanning depth were 

used for this procedure. Coupling gel was applied. The transducer was placed on the skin of the 

abdomen, at a location depending on the day of gestation (more caudally at early gestation, 

moving cranially to the udder as gestation advanced). The diametre of the abdomen of the foetus 

was measured by addressing the ultrasound beam at 90 o angle to the abdominal wall and parallel 

to the longitudinal axis of the foetus in the region of the umbilical cord (Ali and Hayder 2007). 

Doppler measurements were taken at the umblilical artery; 2.5 MHz imaging frequency and 

120 mm scanning depth were used for this procedure. A skilled assistant was helping when 

measuring the blood flow velocity, in order to make adjustments necessary for optimal quality of 

colour-flow images. Animals were stressed as little as possible during the examination, with the 

objective to remaining still for the period of time necessary to apply correctly the sample gate and 

to take the spectral display after localising the vessel to be studied. Each examination did not last 

over 30 to 40 s, after which the procedure was repeated only after 50 to 60 s. Each foetus was 

imaged in a cross section of its abdomen, at the point where the entrance of the umbilical artery 

therein, was seen. The umbilical artery was detected and visualised. At the start, a cross-section 

of the vessel, at the point of its entry into the foetus, was taken by using colour Doppler, with the 

objective to measure its diametre. Then, flow waveforms were obtained from the vessel at the 

midcord part of the free-floating umbilical cord; pulse wave Doppler was applied; the sample gate 

was positioned inside the vessel and at its centre, whilst taking care not to include the vessel wall 
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and to avoid artifacts. Adjustments necessary for optimal colour-flow image quality were made. A 

‘Doppler angle’ [i.e., the angle at which the ultrasound beams intersect the path of flowing blood, 

also termed ‘angle of insonation’ (Ginther 2007, Petridis et al. 2014)] of 0 ° to 10 ° was used in the 

examination. No data were collected during foetal movements or transient cardiac arrhythmias. 

Each examination session in an animal was completed within 10 min. In all cases, images 

(B-mode or Doppler) were frozen and saved on the equipment hard-disk for performing 

subsequently appropriate measurements and data analysis. 

 

Ultrasonographic examinations of the udder of the experimental 

ewes 

 

Starting on the 120th day after the recorded mating (P120), in the morning of each test 

day, an ultrasonographic examination of the udder was performed. The examination was repeated 

every five days until lambing (P125, P130, P135, P140, P145). 

The examination was performed with the animal on the standing position and restrained 

inside a crate, using the support of an assistant. For examination, hair on the abdomen and the 

udder had been fully clipped. Coupling gel was applied. Initially, the left side of the udder was 

imaged and subsequently, the whole procedure was repeated for the right side of the udder. 

B-mode ultrasonographic examination of the mammary parenchyma was performed with 

an ultrasound scanner (MyLab® 30; ESAOTE SpA, Genova, Italy) fitted with a linear transducer. 

The transducer was placed on the caudal surface of the udder and moved around it; 10.0 MHz 

imaging frequency and 60 mm scanning depth were used for this procedure. The transducer was 

placed in a position perpendicular to the long axis and dorsal B-mode sections of the mammary 

parenchyma were taken, starting from the upper part downwards. In each mammary gland, three 

images were saved for further processing; first image was taken before the branching of the 

external pudental artery (arteria pudenda externa), second when distance between branches of 

the external pudental artery was ~1 cm and third image was taken immediately before the gland 

cistern (sinus lactiferous) became visible. 

Doppler measurements were taken at the external pudental artery; 6.6 MHz imaging 

frequency and 60 mm scanning depth were used for this procedure. A skilled assistant was 

helping when measuring the blood flow velocity, in order to make adjustments necessary for 

optimal quality of colour-flow images. Animals were stressed as little as possible during the 

examination, with the objective to remaining still for the period of time necessary to apply correctly 

the sample gate and to take the spectral display after localising the vessel to be studied. The 
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external pudendal artery was detected and visualised. At the start, a cross-section of the vessel 

was taken before its branching, with the objective to measure its diametre. Then, flow waveforms 

were obtained from the vessel; pulse wave Doppler was applied; the sample gate was positioned 

inside the vessel and at its centre, whilst taking care not to include the vessel wall and to avoid 

artifacts. Adjustments necessary for optimal colour-flow image quality were made. A ‘Doppler 

angle’ of 50 ° to 60 ° was used in the examination. 

Each examination session in an animal was completed within 20 min. In all cases, images 

(B-mode or Doppler) were frozen and saved on the equipment hard-disk for performing 

subsequently appropriate measurements and data analysis. 

 

Weighing of lambs 

 

Lambs of the experimental ewes were weighed on the day of their birth by using automated 

scales (Jorgen Kruuse A/S, Marslev, Denmark). 

 

Examination of the genital tract of ewes post-partum 

 

Immediately after lambing (day L0), the genital tract of each ewe was examined clinically 

with the animal in the standing position. The external genitalia were observed. Presence of vaginal 

discharge was evaluated. Two gloved fingers of the investigator were inserted into the vagina, in 

order to evaluate possible intra-vaginal presence of foetal membranes. The examination was 

performed daily for at least five days after parturition (animals with no problems) or until any 

clinical signs had subsided. 

 

Milk yield measurements of the experimental ewes 

 

Milk yield of the ewes was estimated by measurements performed on the 3rd (L3) and the 

5th (L5) days after lambing. Ewes were injected intramuscularly with 10 i.u. oxytocin and milked 

out. Lambs were taken away from the ewes for four hours, when ewes were injected again with 10 

i.u. oxytocin and once more milked out. The milk was collected into a plastic container. To avoid 

misreading by foam formation and for accuracy of results, the milk was slowly poured into a 

volumetric glass container graduated to 2 mL and allowed still for five minutes before reading 

(Fthenakis and Jones 1990b, Fthenakis et al. 2005). 
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Data management and analysis 

 

Start of pregnancy of the experimental ewes 

Start of pregnancy for the experimental ewes was considered to be the day of their mating. 

 

Retrospective grouping of experimental ewes depending on the number of foetuses borne 

Retrospectively and based on (i) results of ultrasonographic examination detecting the 

number of foetuses and (ii) number of lambs born, animals were grouped according to number of 

foetuses borne (one, two or three). 

 

Retrospective allocation of experimental ewes into groups depending on the blood concentration 

of β-hydroxybutyrate concentration 

Retrospectively and based on results of blood β-hydroxybutyrate concentrations, animals 

were allocated into one of two groups: group A included ewes with β-hydroxybutyrate 

concentrations >1.2 mmol L-1 in two samples collected after the 129th day of pregnancy, whilst 

group B included all other ewes into the study. 

 

Retrospective grouping of experimental ewes depending on the development of dystocia 

Specifically for analysis of the results of the Doppler ultrasonographic examination of the 

umbilical artery, animals were grouped according to development of dystocia, i.e., independently 

of number of foetuses borne and blood β-hydroxybutyrate concentrations. 

 

Results taken into account during the ultrasonographic examination of the umbilical artery 

During the ultrasonographic examination of the foetus, four sets of images were recorded: 

(i) foetuses, (ii) images of cross-section of the foetus (iii) images of cross-sections of umbilical 

artery and (iv) spectral waveforms of umbilical artery. Data management was performed on 

images that had been saved at the time of examination. 

Presence of foetuses and numbers borne by the ewe under examination were recorded. In 

stored images of cross-section of foetuses. The diametre of the foetus was calculated directly on 

the image as the distance from entrance of the umbilical cord into the foetus to the antipodal point 

of the circular section image. 

Stored images of cross-sections of umbilical artery were processed by means of MyLab 

software (ESAOTE SpA, Genova, Italy), which, after pointing out the internal boundaries of the 

vessel, calculated the internal diametre of the vessel. Results were expressed as cm. 
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Spectral waveforms of the umbilical artery were processed by means of MyLab software 

(ESAOTE SpA, Genova, Italy). On each occasion, waveforms from three consecutive cardiac 

cycles of the animal under examination were considered for calculations. The software, based on 

the outline of the waveform, calculated directly the below haemodynamic parametres in that vessel 

(Maulik 2005, Ginther 2007, Wood et al. 2010). 

• Resistance index: [(PSV-EDV)/PSV] (PSV: peak systolic velocity, EDV: end diastolic velocity) 

indicating the effect of the vessel under examination resisting blood flow. 

• Pulsatility index: [(PSV-EDV)/TAMV] (TAMV: time-averaged maximum velocity) measuring the 

systolic-diastolic differential of the velocity pulse in the vessel under examination. 

• Systolic:diastolic velocity ratio: [ASF/ADF] (ASF: average diastolic flow, ADF: average systolic 

flow) delineating systolic and diastolic phases of a blood flow waveform in the vessel under 

examination. 

• General pressure: [Psyst–Pdiast] ([Psyst: systolic pressure, Pdiast: diastolic pressure) measuring the 

change in pressure from the diastolic level to the systolic level in the vessel under examination 

(mm Hg). 

• Mean pressure: [⅓×Psyst+⅔×Pdiast] measuring the average blood pressure over time by 

proprietary pulse dynamics pattern-recognition algorithms in the vessel under examination (mm 

Hg). 

• Mean velocity: indicating blood speed across the lumen of the vessel under examination at a 

given instance (m s-1). 

• Systolic acceleration: indicating blood acceleration across the lumen of the vessel under 

examination (m s-2). 

• Blood input: indicating the volume of blood entering into the foetus per unit of time (mL min-1). 

 

Results taken into account during the ultrasonographic examination of the udder of the 

experimental ewes 

During the ultrasonographic examination of the udder, three sets of images were recorded 

for each side of the udder: (i) images of mammary parenchyma, (ii) images of cross-sections of 

external pudendal artery and (iii) spectral waveforms of external pudendal artery. All images were 

initially evaluated visually for presence of abnormal structures therein. Then, data management 

was performed on images that had been saved at the time of examination. Data for left and right 

mammary gland of the same animal were initially considered separately. 
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Stored images of mammary parenchyma were processed by means of ImageJ software 

(National Institutes of Health, Rockville Pike, MD, USA), which can edit, process and analyse grey-

scale images, by calculating area and pixel value statistics to produce intensity values (National 

Institutes of Health 2013). In an image processing context, grey-scale analysis refers to the 

image’s overall pixel grey intensity values (Ojala et al. 2002). For analysis of grey-scale, intensity 

values of each of the three images stored from each mammary gland on each occasion were 

considered together. Areas with vessels or ductal formations were not taken into account for the 

grey-scale analysis. Results were expressed on a 0 (black) to 255 (white) scale. 

Stored images of cross-sections of the external pudendal artery were processed by means 

of MyLab software (ESAOTE SpA, Genova, Italy), which, after pointing out the internal boundaries 

of the vessel, calculated the internal diametre of the vessel. Results were expressed as cm. 

Spectral waveforms of the external pudendal artery were processed by means of MyLab 

software (ESAOTE SpA, Genova, Italy). On each occasion, waveforms from three consecutive 

cardiac cycles of the animal under examination were considered for calculations. The software, 

based on the outline of the waveform, calculated directly the following haemodynamic parametres 

in that vessel (Maulik 2005, Ginther 2007, Wood et al. 2010): resistance index, pulsatility index, 

systolic:diastolic velocity ratio, general pressure, mean pressure, mean velocity and systolic 

acceleration. Further, the below haemodynamic parametre was also calculated. 

• Blood input: indicating the volume of blood entering into the mammary gland per unit of time 

(mL min-1). 

 

Duration of pregnancy 

The duration of pregnancy was calculated as the length of time from the day of start of 

pregnancy (P0) to the day of lambing (L0) and was expressed in days. 

 

Statistical computations 

All data were entered into Excel spreadsheets (Microsoft Corporation, Redmond, WA, 

USA). Initially, appropriate descriptive statistics for all parametres were performed. 

In parametres, in which sequential measurements were taken, repeated measures mixed 

effect linear regression models were used to determine whether outcomes changed over the 

course of the study period. Models were adjusted for repeated measures within animals. 

Independent variables (fixed effects) included (i) number of foetuses borne (one, two or three) or 

inclusion into group A or B (based on results of blood β-hydroxybutyrate concentrations), (ii) day of 

pregnancy and (iii) a day of pregnancy by number of foetuses borne or group A/B interaction. 
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For ultrasonographic measurements in the foetus, repeated measures mixed effect linear 

regression models were used to determine whether outcomes in the two groups of the study 

changed over the course of the study period. Effect of experimental subjects (animals) was 

included as random effect in the model. Models were adjusted for repeated measures within 

animals. Independent variables (fixed effects) included experimental group (A or B), time of the 

study (i.e., P120, P125, P130, etc.) and a time of the study by experimental group interaction. In 

total two separate analyses were performed. Analysis of data obtained during the last stage of 

pregnancy (6 time-points: P120, P125, P130, P135, P140, P145) was initially performed, followed 

by analysis of data obtained during the last week of pregnancy (2 time-points: P140, P145). 

For ultrasonographic measurements in the mammary parenchyma, at first, repeated 

measures mixed effect linear regression models were used to determine whether outcomes in the 

two mammary glands of each animal changed over the course of the study period. Models were 

adjusted for repeated measures within animals. Variables (fixed effects) included mammary gland 

(i.e., left or right) and time-point of the study (i.e., P120, P125, P130, etc.). In all cases, no 

significant differences were evident between the left and the right glands of the experimental 

animals within each group (for all parametres, P>0.63). In view of that, the results of all 

measurements for left and right glands obtained from each animal at each time-point were 

averaged for between group comparisons. Then, repeated measures mixed effect linear 

regression models were used to determine whether outcomes in the two groups of the study 

changed over the course of the study period. Effect of experimental subjects (animals) was 

included as random effect in the model. Models were adjusted for repeated measures within 

animals. Independent variables (fixed effects) included experimental group (A or B), time of the 

study (i.e., P120, P125, P130, etc.) and a time of the study by experimental group interaction. In 

total four separate analyses were performed. Analysis of data obtained during the last stage of 

pregnancy (6 time-points: P120, P125, P130, P135, P140, P145) was initially performed, followed 

by analysis of data obtained during the last fortnight of pregnancy (3 time-points: P135, P140, 

P145) and analysis of data obtained during the first week of lactation (2 time-points: L3, L5). 

Finally, an analysis that took into account all data (8 time-points) was carried out. Subsequently, a 

different set of analyses was performed, where, for each parementre, results obtained on three 

time-points (P120, P140, L5) were compared between them. 

The same model as for ultrasonographic measurements in the foetus was employed for 

evaluation of differences in blood β-hydroxybutyrate or glucose concentrations during pregnancy 

(P120-P145). For these two parametres, only analysis of all data obtained during the last stage of 

pregnancy (6 time-points: P120, P125, P130, P135, P140, P145) was performed. 
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The same model as for ultrasonographic measurements in the foetus was employed for 

parasitological findings during pregnancy (P100-P140). However, for this parametre only analysis 

of all data obtained during pregnancy (3 time-points: P100, P120, P140) was performed. 

Durations of pregnancy, birth bodyweights of lambs born from ewes into the study and 

measurements of milk collected on each sampling occasion (L3, L5) were compared between 

groups A and B by using Student’s t-test. 

Analysis of correlation between blood β-hydroxybutyrate concentrations and faecal epg 

counts / blood glucose concentrations / lamb birth bodyweight and between faecal epg counts and 

lamb birth bodyweight was performed. 

For evaluation of potential correlations between milk quantities obtained from ewes and 

grey-scale intensity / blood input values, results of milk quantities collected on each of L3 or L5 

were correlated with the grey-scale / blood input values obtained from each ewe on the respective 

occasion, i.e., 32 pairs of values for group A results and 24 pairs of values for group B results. 

Then, averaged results of milk quantities obtained on L3 and L5 were correlated with the grey-

scale / blood input values obtained from each ewe (mammary parenchyma) on each of P130 to 

P145, i.e., 28 pairs in total tested on four separate occasions. 

Incidence of animals with dystocia or with post-partum genital disorders among ewes in 

group A and B was calculated. Moreover, incidence of animals in which perinatal mortality of 

offspring (i.e., foetus(es) dead at lambing or newborn lamb dead by 2nd day of life) was noted, 

among ewes in group A and B was calculated. In all cases, respective confidence intervals were 

also computed. Initially, Fisher-exact tests were performed for comparisons of proportions 

between the two groups; then, z ratio for the significance of difference of two proportions was 

determined. 

An electronic data management tool was employed (Lowry 2012, 2015). Significance level 

was set at P≤0.05. 

 

 

Results 

 

Findings before enrolling the experimental ewes into the study 

 

All ewes that were introduced into the study had no history of mastitis. No mammary 

abnormalities were clinically evident in any of the experimental ewes during clinical udder 

examination before enrolment into the study. Moreover, no bacteria were isolated from any teat 
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duct material or milk samples collected before start of the study. California Mastitis Test scores in 

milk samples were negative (scores ‘negative’ or ‘trace’) and observation of Giemsa-stained milk 

films revealed only scarce presence of macrophages therein (on average, one cell per 10 fields 

with the 10× objective lens). 

 

Findings of pregnancy diagnosis in the experimental ewes 

 

All ewes into the study conceived. During the ultrasonographic examination, of them, 7 

were found to bear one foetus, 17 were found to bear two foetuses and 4 were found to bear three 

foetuses. These findings were confirmed at parturition when ewes lambed the number of offspring 

imaged during ultrasonographic examination for poregnancy diagnosis. 

 

Blood concentrations of β-hydroxybutyrate in the experimental ewes 

 

Ewes with three foetuses had greater median blood β-hydroxybutyrate concentrations than 

ewes with two or one foetuses. In ewes with one foetus, there was no evidence that changes in 

blood β-hydroxybutyrate concentrations during last stage of pregnancy were significant (P=0.52); 

however, in ewes with two or three foetuses, progressive increase in those concentrations was 

significant (P<0.005). 

In total, 16 ewes were allocated into group A, i.e. 57% of the ewes that received reduced 

energy feed. These included 2 ewes with one foetus (28% of ewes bearing singles), 10 ewes with 

two foetuses (59% of ewes bearing twins) and 4 ewes with three foetuses (100% of ewes bearing 

triplets). Of these 16 ewes, 4 (25%; i.e., 14% of all ewes into the study) showed clinical signs 

relevant to pregnancy toxaemia. Group B included 12 ewes (5 with one foetus, i.e., 72% of ewes 

bearing singles, and 7 with two foetuses, i.e. 41% of ewes bearing twins). 

Ewes into group A had greater blood β-hydroxybutyrate concentrations than ewes into 

group B (P<0.001). Progressive increase of blood β-hydroxybutyrate concentrations in ewes of 

group A was significant (P<0.001), whilst there was no evidence of significant changes in blood β-

hydroxybutyrate concentrations in ewes of group B (P=0.855). Finally, there was a significant 

interaction of day of pregnancy and group (P<0.001). Detailed results of blood β-hydroxybutyrate 

concentrations are in Table II.ii. 
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Table II.ii. Median (min.-max.) blood β-hydroxybutyrate concentrations (mmol L-1) in ewes, which had been receiving reduced feed energy 

during the final stage of pregnancy. 

 Day of pregnancy 

 100th 105th 110th 115th 120th 125th 130th 135th 140th 145th 

Ewes with 1 foetus 
0.50 

(0.5-0.7) 

0.45 

(0.4-0.8) 

0.60 

(0.4-0.7) 

0.60 

(0.4-1.5) 

0.60 

(0.4-0.7) 

0.70 

(0.5-2.3) 

0.80 

(0.5-2.1) 

0.70 

(0.4-2.4) 

0.70 

(0.5-2.8) 

0.60 

(0.4-2.4) 

Ewes with 2 foetuses 
0.70 

(0.4-1.5) 

0.80 

(0.4-2.3) 

1.00 

(0.5-2.5) 

0.90 

(0.4-1.6) 

1.00 

(0.4-1.4) 

1.10 

(0.5-3.4) 

0.80 

(0.4-2.4) 

1.70 

(0.5-3.3) 

2.20 

(0.4-4.8) 

2.50 

(0.8-6.2) 

Ewes with 3 foetuses 
0.70 

(0.5-0.9) 

0.70 

(0.5-0.9) 

1.40 

(1.0-1.4) 

1.50 

(1.1-2.1) 

2.30 

(2.2-2.8) 

3.15 

(2.3-3.6) 

3.25 

(1.7-3.9) 

2.60 

(2.1-6.8) 

4.40 

(1.8-6.3) 

4.55 

(2.0-6.1) 

Ewes into group A 
0.80 

(0.5-1.5) 

0.90a 

(0.4-2.3) 

1.30a 

(0.4-2.5) 

1.10a 

(0.4-2.1) 

1.25a 

(0.5-2.8) 

1.90a 

(0.5-3.6) 

2.00a 

(0.5-3.9) 

2.40a 

(1.2-6.8) 

2.80a 

(1.8-6.3) 

3.70a 

(1.7-6.2) 

Ewes into group B 
0.60 

(0.4-1.4) 

0.60a 

(0.4-0.8) 

0.65a 

(0.5-0.9) 

0.65a 

(0.4-1.5) 

0.60a 

(0.4-1.2) 

0.70a 

(0.5-1.4) 

0.60a 

(0.4-1.1) 

0.70a 

(0.4-1.4) 

0.60a 

(0.4-1.1) 

0.80a 

(0.4-1.1) 

Group A: ewes with β-hydroxybutyrate concentrations >1.2 mmol L-1 in two samples collected after the 129th day of pregnancy - Group B: all other ewes 

into the study. 
a within the same column: P<0.05. 
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Parasitological findings in the experimental ewes 

 

Before start of the mating period, faecal counts for nematodes and trematodes in all 

animals were 0 epg. Ewes allocated into group A had more increased nematode epg counts 

towards the end of pregnancy than ewes allocated into group B (P<0.025). Progressive increase 

of nematode epg counts in faecal samples throughout pregnancy was significant (P<0.001), whilst 

there was a significant interaction of day of pregnancy and group (P<0.001). Detailed results of 

nematode epg counts in faecal samples are in Table II.iii. In contrast, faecal counts for trematodes 

in all animals were consistently 0 epg throughout the study. 

There was a significant correlation between blood β-hydroxybutyrate concentrations and 

faecal epg counts (r=0.556, P<0.001) during the last stage of pregnancy. 

 

Table ΙI.iii. Median (min.-max.) nematode epg counts in faecal samples from ewes, which had 

been receiving reduced feed energy during the final stage of pregnancy. 

 
on day of 

challenge 

21 days 

after 

challenge 

28 days after 

ram 

introduction 

Day of pregnancy 

100th 120th 140th 

Ewes with 

1 foetus 

0 

(0-0) 

0 

(0-50) 

250 

(100-400) 

350 

(150-500) 

550 

(500-700) 

650 

(600-850) 

Ewes with 

2 foetuses 

0 

(0-0) 

0 

(0-50) 

250 

(150-400) 

35 

(200-450) 

600 

(350-850) 

800 

(500-1100) 

Ewes with 

3 foetuses 

0 

(0-0) 

0 

(0-50) 

250 

(150-450) 

375 

(250-550) 

700 

(500-850) 

975 

(800-1250) 

Ewes into 

group A 

0 

(0-0) 

0 

(0-50) 

250 

(150-450) 

350 

(200-550) 

650 

(450-850) 

850a 

(500-1250) 

Ewes into 

group B 

0 

(0-0) 

0 

(0-50) 

250 

(100-400) 

350 

(150-500) 

550 

(350-800) 

675a 

(500-950) 

Group A: ewes with β-hydroxybutyrate concentrations >1.2 mmol L-1 in two samples collected after the 129th 

day of pregnancy - Group B: all other ewes into the study. 
a within the same column: P<0.05. 

 

Findings of ultrasonographic examination of the diametre of the 

abdomen of the foetus and findings of Doppler ultrasonographic 

examination of the umbilical artery 

 

There was clear evidence that, throughout the last stage of pregnancy, the progressive 

increase in the diametre of the foetus and in the blood input in the umbilical artery was significant 

(P<0.005 and P<0.001, respectively) in both groups, A or B (Fig. II.1.). Progressive significant 

changes were evident during the last 10 days of the pregnancy in three haemodynamic 
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parametres (resistance index, pulsatility index, systolic:diastolic velocity ratio; P=0.002, P=0.019, 

P<0.001, respectively) only in group A ewes, whilst in group B no significant modifications were 

recorded (P>0.25) (Fig. II.2.). In umbilical artery diametre, progressive significant increase during 

the last 10 days of the gestation was evident in both groups, A or B (P=0.025, P<0.001, 

respectively) (Figs II.2. and II.3.). No significant changes were seen in the other haemodynamic 

parametres throughout the study in either group (P<0.07). 

In general, there were no differences between ultrasonographic findings in ewes of the two 

groups (A, B) when comparisons took place on a day by day basis, except for the blood input into 

the umbilical artery (Fig. II.1.); in that parametre, values in ewes of group B were significantly 

greater than values in group A animals from 120th day of gestation. However, there was clear 

evidence that when ewes were allocated into ones which subsequently developed and ones that 

did not develop dystocia, there were significant differences (P<0.047) between them in all 

haemodynamic parametres in the last two measurements during pregnancy (P140, P145). 

Further, when data obtained during the last two measurements (140th and 145th day of 

pregnancy) were considered together and compared (i.e., 32 observations for group A ewes and 

24 observations for group B ewes), a difference between group A and B became clear in the 

results of umbilical artery diametre, resistance index, pulsatility index and systolic:diastolic velocity 

ratio, all being greater in ewes into group B than in ewes into group A (P<0.001, P=0.040, 

P=0.029, P=0.007, respectively). For ewes distinguished into ones which subsequently developed 

and ones that did not develop dystocia, again differences in all haemodynamic parametres were 

significant (P<0.02). 

Detailed results of ultrasonographic examinations are in Tables II.iv and II.v. 
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Figure II.1. Time-series (last stage of pregnancy) graphs of (a) the diametre of the abdomen of 

the foetus (cm) and (b) the blood input into the umbilical artery (mL min-1) in ewes with (group A, 

red line) or without (group B, blue line) increased β-hydroxybuturate blood concentration during the 

last stage of pregnancy. 

(a) 
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Figure II.1. (continued). 

(b) 
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Figure II.2. Time-series (last stage of pregnancy) graphs of (a) the diametre (cm) of the umbilical 

artery and (b) the systolic:diastolic velocity ratio of the umbilical artery in ewes with (group A, red 

line) or without (group B, blue line) increased β-hydroxybuturate blood concentration during the 

last stage of pregnancy. 

(a) 
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(b) 

 

 

Figure II.3. Spectral waveforms (140th day of pregnancy) of the umbilical artery (at the point of 

entrance of the artery into the abdomen of the foetus) of ewes, with (group A, left picture) or 

without (group B, right picture) increased β-hydroxybuturate blood concentration during the last 

stage of pregnancy. Images taken and processed on a MyLab® 30 ultrasonography system with 

convex transducer, imaging frequency: 2.5 MHz - scanning depth: 120 mm. 
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Table II.iv. Quantitative results (mean±standard error of the mean) of ultrasonographic examination of the foetus in ewes, which had been 

receiving reduced feed energy during the final stage of pregnancy. 

 Day of pregnancy 

 120th 125th 130th 135th 140th 145th 

Group A         

Diametre of foetus (cm) 6.77±0.18 7.01±0.20 7.27±0.19 7.52±0.22 7.69±0.20 8.03±0.21 

Umbilical artery diametre (cm) 0.63±0.02 0.64±0.03 0.65±0.02 0.66±0.01 0.65±0.02** 0.71±0.01* 

Resistance index 0.71±0.01 0.66±0.02 0.68±0.01 0.65±0.02 0.62±0.02 0.46±0.05 

Pulsatility index 1.24±0.04 1.16±0.07 1.23±0.04 1.25±0.07 0.97±0.05* 0.75±0.08 

Systolic:diastolic velocity ratio 3.06±0.41 2.68±0.30 3.98±0.32 2.56±0.28 2.26±0.30 1.40±0.31 

General pressure (mm Hg) 1.16±0.14 0.84±0.11** 1.06±0.11** 1.18±0.09 1.91±0.47 1.36±0.23 

Mean pressure (mm Hg) 0.53±0.05 0.45±0.04 0.48±0.04 0.52±0.04 0.99±0.20 0.41±0.05 

Mean velocity (m s-1) 0.32±0.02 0.32±0.02** 0.31±0.01** 0.33±0.01 0.44±0.05 0.28±0.00 

Systolic acceleration (m s-2) 4.21±0.15 3.72±0.29 3.37±0.15 3.90±0.25 3.82±0.35 2.25±0.36 

Blood input (mL min-1) 534.8±34.1** 639.7±34.2 602.2±30.2* 679.8±44.5* 658.5±40.9** 861.0±41.2* 

Group B         

Diametre of foetus (cm) 6.67±0.24 6.90±0.30 7.16±0.30 7.74±0.34 7.96±0.38 8.33±0.33 

Umbilical artery diametre (cm) 0.66±0.02 0.71±0.03 0.70±0.03 0.72±0.03 0.79±0.02** 0.80±0.03* 

Resistance index 0.68±0.01 0.66±0.02 0.68±0.01 0.68±0.03 0.69±0.02 0.62±0.02 

Pulsatility index 1.15±0.03 1.06±0.04 1.18±0.04 1.22±0.12 1.19±0.05* 0.99±0.07 

Systolic:diastolic velocity ratio 3.28±0.11 3.01±0.17 3.17±0.08 3.25±0.33 3.33±0.20 2.78±0.22 

General pressure (mm Hg) 1.15±0.15 1.40±0.08** 1.60±0.13** 2.15±0.37 2.08±0.27 2.56±0.73 

Mean pressure (mm Hg) 0.51±0.06 0.60±0.03 0.65±0.07 0.90±0.19 0.85±0.16 1.22±0.33 

Mean velocity (m s-1) 0.31±0.02 0.36±0.01** 0.36±0.02** 0.41±0.05 0.42±0.04 0.49±0.06 

Systolic acceleration (m s-2) 3.89±0.23 4.06±0.32 4.02±0.24 4.90±0.51 4.46±0.27 4.15±0.61 

Blood input (mL min-1) 726.3±53.1** 755.4±79.2 891.2±89.9* 859.7±60.4* 1222.1±133.6** 1210.6±136.0* 
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Table II.iv. (continued). 

 Day of pregnancy 

 120th 125th 130th 135th 140th 145th 

Ewes which subsequently developed dystocia       

Diametre of foetus (cm) 6.87±0.24 7.13±0.19 7.57±0.21 7.87±0.30 8.00±0.22 7.81±0.19 

Umbilical artery diametre (cm) 0.65±0.02 0.66±0.03 0.65±0.02 0.65±0.01 0.63±0.02* 0.70±0.02* 

Resistance index 0.70±0.01 0.63±0.03 0.66±0.01 0.66±0.03 0.55±0.01** 0.30±0.03** 

Pulsatility index 1.22±0.04 1.02±0.07 1.21±0.08 1.30±0.11 0.89±0.01** 0.48±0.01** 

Systolic:diastolic velocity ratio 3.36±0.15 2.84±0.21 3.34±0.28 3.04±0.18 2.51±0.12* 1.56±0.01** 

General pressure (mm Hg) 1.27±0.15 1.00±0.14 1.24±0.10 1.34±0.07 1.10±0.12** 0.53±0.01** 

Mean pressure (mm Hg) 0.52±0.08 0.46±0.04 0.53±0.05 0.50±0.02 0.47±0.05* 0.27±0.02* 

Mean velocity (m s-1) 0.32±0.03 0.32±0.02 0.31±0.02 0.33±0.01 0.31±0.01* 0.28±0.01* 

Systolic acceleration (m s-2) 4.25±0.05 3.64±0.47 3.53±0.23 3.82±0.37 2.95±0.18** 1.27±0.03** 

Blood input (mL min-1) 540.7±43.2 670.4±47.0 623.7±38.5 656.2±51.5 678.0±70.5* 822.3±55.6* 

Ewes which subsequently did not develop dystocia       

Diametre of foetus (cm) 6.66±0.18 6.89±0.22 7.04±0.21 7.44±0.23 7.56±0.26 8.35±0.26 

Umbilical artery diametre (cm) 0.63±0.02 0.68±0.03 0.69±0.02 0.70±0.02 0.75±0.02* 0.77±0.02* 

Resistance index 0.70±0.01 0.67±0.01 0.69±0.01 0.66±0.02 0.68±0.02** 0.62±0.02** 

Pulsatility index 1.19±0.04 1.21±0.06 1.21±0.03 1.21±0.08 1.14±0.05** 1.00±0.05** 

Systolic:diastolic velocity ratio 3.55±0.18 3.14±0.12 3.29±0.08 3.19±0.21 3.19±0.16* 2.75±0.15** 

General pressure (mm Hg) 1.21±0.11 1.30±0.10 1.37±0.11 1.81±0.24 2.52±0.37** 2.17±0.50** 

Mean pressure (mm Hg) 0.52±0.04 0.51±0.04 0.55±0.05 0.74±0.12 1.06±0.17* 1.03±0.23* 

Mean velocity (m s-1) 0.32±0.02 0.34±0.02 0.34±0.02 0.38±0.03 0.46±0.04* 0.45±0.05* 

Systolic acceleration (m s-2) 3.98±0.19 3.93±0.22 3.64±0.20 4.48±0.34 4.47±0.26** 3.89±0.43** 

Blood input (mL min-1) 655.0±45.1 708.5±58.2 765.6±67.6 778.2±49.4 996.3±106.3* 1089.8±94.4* 
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Table II.iv. (continued). 

Group A: ewes with β-hydroxybutyrate concentrations >1.2 mmol L-1 in two samples collected after the 129th day of pregnancy - Group B: all other ewes into 

the study. 

* P<0.05, ** P<0.01 between the two groups at respective day for the respective parametre. 
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Table ΙI.v. Quantitative results (mean±standard error of the mean) of Doppler ultrasonographic 

examination of the umbilical artery in ewes, which had been receiving reduced feed energy during 

the final stage of pregnancy; combined results of 140th and 145th day of pregnancy. 

Haemodynamic parametre Group A Group B 

Umbilical artery diametre (cm) 0.68±0.01* 0.79±0.02* 
Resistance index 0.56±0.03* 0.66±0.02* 

Pulsatility index 0.87±0.05* 1.10±0.05* 

Systolic:diastolic velocity ratio 2.00±0.22* 3.08±0.15* 

General pressure (mm Hg) 1.74±0.29 2,30±0.36 

Mean pressure (mm Hg) 0,78±0.12 1.02±0.17 

Mean velocity (m s-1) 0.39±0.03 0.45±0.04 

Systolic acceleration (m s-2) 3.25±0.28 4.30±0.31 

Blood input (mL min-1) 755.3±33.7* 1215.7±92.5* 

Haemodynamic parametre 

Ewes which subsequently 

developed dystocia 

Ewes which subsequently 

did not develop dystocia 

Umbilical artery diametre (cm) 0.66±0.03* 0.76±0.01* 
Resistance index 0.45±0.07* 0.66±0.01* 

Pulsatility index 0.68±0.10* 1.08±0.04* 

Systolic:diastolic velocity ratio 2.13±0.26* 3.01±0.11* 

General pressure (mm Hg) 0.87±0.18* 2.38±0.29* 

Mean pressure (mm Hg) 0.39±0.07* 1.05±0.13* 

Mean velocity (m s-1) 0.30±0.02* 0.46±0.03* 

Systolic acceleration (m s-2) 2.28±0.45* 4.23±0.24* 

Blood input (mL min-1) 735.7±88.8* 1047.9±69.8* 

Group A: ewes with β-hydroxybutyrate concentrations >1.2 mmol L-1 in two samples collected after the 129th 

day of pregnancy - Group B: all other ewes into the study. 
* between results in the same row: P<0.05. 

 

Blood concentrations of glucose in the experimental ewes 

 

Ewes with three foetuses had smaller median blood concentrations of glucose than ewes 

with two or one foetuses (P=0.048 for comparisons between ewes with three foetuses and ewes 

with one or two foetuses). 

After P130, of the 16 ewes in group A, 10 had blood glucose concentration <55 mg dL-1 

and 5 ewes had blood glucose concentration <35 mg dL-1 in at least one measurement. During the 

same period, all group B ewes had blood glucose concentration >55 mg dL-1 in at least one 

measurement. After P130, there was evidence that ewes into group A had smaller blood glucose 

concentrations than ewes into group B (P=0.033). Detailed results of blood glucose concentrations 

are in Table II.vi. 

Correlation coefficients (r) between blood concentrations of β-hydroxybutyrate and glucose 

in ewes with one, two or three foetuses were -0.669, -0.519 and -0.811, respectively (P<0.003). 
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Correlation coefficients (r) between blood concentrations of β-hydroxybutyrate and glucose in 

ewes in group A or B were -0.469 (P<0.001) and 0.046 (P=0.772), respectively. 
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Table II.vi. Median (min.-max.) blood glucose concentrations (mmol L-1) in ewes, which had been receiving reduced feed energy during the 

final stage of pregnancy. 

 Day of pregnancy 

 100th 105th 110th 115th 120th 125th 130th 135th 140th 145th 

Ewes with 1 foetus 
58 

(57-60) 

60 

(56-61) 

62 

(57-65) 

48 

(44-66) 

48.5 

(40-71) 

58 

(44-71) 

49 

(34-65) 

60 

(27-65) 

60 

(30-88) 

68 

(30-93) 

Ewes with 2 foetuses 
65 

(64-65) 

69 

(49-75) 

63 

(44-93) 

62 

(40-88) 

59 

(45-77) 

57 

(44-73) 

58 

(42-78) 

65 

(32-92) 

64 

(36-86) 

62 

(25-106) 

Ewes with 3 foetuses 
60 

(55-65) 

55 

(53-60) 

63.5 

(62-67) 

58 

(45-63) 

46 

(37-52) 

39.5 

(33-50) 

45 

(27-57) 

51 

(20-54) 

39 

(28-60) 

36 

(28-58) 

Ewes into group A 
63 

(55-65) 

55 

(49-75) 

64 

(60-67) 

56 

(43-81) 

54 

(37-68) 

53.5 

(33-68) 

48a 

(27-74) 

52.5a 

(20-85) 

52a 

(28-86) 

53.5a 

(25-80) 

Ewes into group B 
59 

(57-65) 

60 

(51-69) 

62 

(44-93) 

66 

(40-88) 

59 

(40-77) 

58 

(44-73) 

61a 

(46-78) 

65a 

(41-92) 

63a 

(43-88) 

71a 

(57-106) 

Group A: ewes with β-hydroxybutyrate concentrations >1.2 mmol L-1 in two samples collected after the 129th day of pregnancy - Group B: all other ewes 

into the study. 
a within the same column: P<0.05. 
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Findings of clinical examination of the udder of the experimental 

ewes 

 

No mammary abnormalities were clinically evident in any of the experimental ewes at any 

of the periodic clinical examination during the last stage of pregnancy. 

 

Findings of ultrasonographic examination of the udder of the 

experimental ewes 

 

Anatomic structures within the mammary parenchyma had a reduced to medium 

echogenicity. Blood vessels and lactiferous ducts could be readily imaged in all the animals during 

the study. No abnormal structures were evident. As pregnancy advanced (nearing parturition), the 

mammary parenchyma was seen more heterogeneous, with simultaneous appearance of a lobular 

image (consisting of the alveolar areas with reduced echogenicity) and the ductal part of the gland 

and the blood vessels therein (imaged as anechoic antra). 

Throughout the last stage of pregnancy, mean (±standard error of the mean) grey-scale 

intensity values in group A were 69.5±4.5 on P120, 81.9±6.4 on P130, 95.3±3.3 on P145; 

respective values in group B were 64.5±4.9, 71.3±4.1 and 79.3±2.0 (for differences between 

groups, P=0.007). There was also clear evidence that, throughout the last stage of pregnancy, the 

progressive increase in grey-scale intensity values was significant (P<0.001) in both groups, A or 

B. Then, after lambing, on L3, grey-scale intensity values decreased sharply compared to those on 

P145: by 20% or 15% for group A or B, respectively, which was a significant decrease (P=0.003 

for group A, P=0.005 for group B). During the first week of lactation, changes over time were not 

significant (P>0.6), although differences between the two groups remained significant (P=0.046) 

(Figs II.4. and II.5.). 
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Figure II.4. Serial B-mode ultrasonographic appearance of mammary parenchyma of ewes with 

(group A, left picture in each pair of images) or without (group B, right picture in each pair of 

images) increased β-hydroxybuturate blood concentration during the last stage of pregnancy: (a) 

on the 120th/125th day of pregnancy (P120/P125), (b) on the 145th day of pregnancy (P145), (c) 

on the 5th day of the subsequent lactation period (L5). Images taken at a level after the branching 

of the external pudendal artery (when distance between the two branches was ~0.5 cm) on a 

MyLab® 30 ultrasonography system with linear transducer, imaging frequency: 10.0 MHz - 

scanning depth: 60 mm. 

(a) 

 

(b) 
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Figure II.4. (continued). 

(c) 

 

 

Figure II.5. Time-series (last stage of pregnancy and initial stage of lactation period) graphs of the 

grey-scale intensity values (0-255) of the mammary gland of ewes with (group A, red line) or 

without (group B, blue line) increased β-hydroxybuturate blood concentration during the last stage 

of pregnancy. 
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Throughout the last stage of pregnancy and during the first week of lactation, the 

progressive increase of the diametre of the external pudendal artery was significant in both 

groups, A or B (P<0.001). However, the diametre of the vessel did not differ significantly between 

the two groups (P=0.374 in pregnancy and P=0.591 in lactation) (Fig. II.6.). 

 

Figure II.6. Time-series (last stage of pregnancy and initial stage of lactation period) graphs of the 

diametre (cm) of the external pudendal artery of ewes with (group A, red line) or without (group B, 

blue line) increased β-hydroxybuturate blood concentration during the last stage of pregnancy. 

 
 

The spectral display in Doppler mode was observed as a broad band structure (Fig. II.7.). 

Throughout the last stage of pregnancy, the progressive changes in the haemodynamic 

parametres studied were significant (P<0.02) in both groups, A or B, bar changes in resistance 

index or in blood systolic acceleration (P>0.4). During the first week of lactation, changes in all the 

haemodynamic parametres studied were not significant in both groups (P>0.12), bar changes in 

blood input in group B ewes, which decreased significantly from L3 to L5 (P=0.009). 
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Figure II.7. Spectral waveforms (145th day of pregnancy) of the external pudendal artery of ewes 

with (group A, left picture) or without (group B, right picture) increased β-hydroxybuturate blood 

concentration during the last stage of pregnancy. Images taken and processed on a MyLab® 30 

ultrasonography system with linear transducer, imaging frequency: 6.6 MHz - scanning depth: 60 

mm. 

 

 

Blood input was significantly greater in ewes of group B (169 mL min-1 on P130, 397 mL 

min-1 on P145, 649 mL min-1 on L3) than in ewes of group A (119 mL min-1, 262 mL min-1, 413 mL 

min-1 on respective days) during the last stage of pregnancy and the first week of lactation 

(P<0.05) (Fig. II.8.). Differences between group A and group B in all other haemodynamic 

parametres studied were not significant throughout the last stage of pregnancy (P>0.25). 

However, when data obtained only during the last fortnight of pregnancy or during the first week of 

lactation were considered, differences in pulsatility index (Fig. II.8.) and in mean blood velocity 

showed evidence of significance between the two groups (P=0.007 and P=0.036, respectively). 

Differences in results for these two parametres were also significant during the first week of 

lactation (P<0.04), whilst for other parametres, they were not (P>0.06). 

Detailed results of ultrasonographic examinations are in Table II.vii. 
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Figure II.8. Time-series (last stage of pregnancy and initial stage of lactation period) graphs of the 

Doppler ultrasonography results of the external pudendal artery of ewes with (group A, red line) or 

without (group B, blue line) increased β-hydroxybuturate blood concentration during the last stage 

of pregnancy and initial stage of lactation (a) blood input (mL min-1), (b) pulsatility index. 

(a) 
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Figure II.8. (continued). 

(b) 
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Table II.vii. Quantitative results (mean±standard error of the mean) of ultrasonographic (B-mode or Doppler) examination of the udder in ewes, 

which had been receiving reduced feed energy during the final stage of pregnancy; results of both mammary glands of ewes are considered 

together, as no statistical difference (P>0.63) was evident between left and right mammary glands. 

 Day of pregnancy Day of lactation 

 120th 125th 130th 135th 140th 145th 3rd 5th 

Group A         

Mammary parenchyma grey-scale 69.5±4.5 76.0±1.9* 81.9±6.4* 82.1±5.5* 89.9±4.7*a 95.3±3.3** 76.7±4.5* 75.5±5.0*a 

External pudendal artery diametre (cm) 0.35±0.02ab 0.38±0.02 0.38±0.02 0.39±0.02 0.44±0.02ac 0.46±0.02 0.53±0.02 0.56±0.04bc 

Resistance index 0.62±0.02ab 0.60±0.01 0.60±0.02 0.62±0.01 0.56±0.02a 0.58±0.01 0.59±0.00 0.58±0.01b 

Pulsatility index 1.31±0.04ab 1.03±0.03 1.02±0.05 1.08±0.05 0.88±0.04**ac 0.95±0.04* 0.99±0.03* 0.98±0.04**bc 

Systolic:diastolic velocity ratio 2.98±0.13ab 2.74±0.14 2.61±0.13± 2.68±0.10 2.44±0.14a 2.86±0.14 2.48±0.05 2.42±0.07b 

General pressure (mm Hg) 0.94±0.06ab 1.17±0.14 1.48±0.16 1.37±0.20 1.73±0.21ac 1.55±0.09 4.45±0.39 4.49±0.37bc 

Mean pressure (mm Hg) 0.32±0.02ab 0.43±0.05 0.56±0.07 0.60±0.10 0.86±0.10ac 0.61±0.05 1.86±0.20 1.86±0.16bc 

Mean velocity (m s-1) 0.24±0.01ab 0.35±0.04 0.33±0.02 0.34±0.03 0.44±0.02*ac 0.48±0.02* 0.62±0.04* 0.62±0.03*bc 

Systolic acceleration (m s-2) 5.17±0.28a 5.31±0.53 5.76±0.65 5.78±0.47 5.83±0.40b 6.10±0.20 9.51±1.04 9.50±0.83ab 

Blood input (mL min-1) 83.0±10.9*ab 109.2±10.6* 119.5±19.3* 161.4±23.7* 233.2±35.4*ac 262.3±29.0** 413.6±44.0** 378.8±39.0**bc 
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Table II.vii. (continued). 

 Day of pregnancy Day of lactation 

 120th 125th 130th 135th 140th 145th 3rd 5th 

Group B         

Mammary parenchyma grey-scale 64.5±4.9ab 66.9±4.3* 71.3±4.1* 70.6±2.6* 74.1±2.0*ac 79.3±2.0** 67.6±3.2* 66.8±2.7*bc 

External pudendal artery diametre (cm) 0.35±0.01ab 0.38±0.01 0.38±0.01 0.39±0.01 0.44±0.01ac 0.46±0.01 0.53±0.01 0.56±0.01bc 

Resistance index 0.66±0.02 0.58±0.01 0.62±0.03 0.61±0.02 0.61±0.02 0.60±0.02 0.58±0.02 0.61±0.02 

Pulsatility index 1.24±0.09 0.97±0.04 1.07±0.05 1.06±0.04 1.06±0.05**a 1.05±0.02* 1.1±0.03* 1.20±0.04**a 

Systolic:diastolic velocity ratio 2.96±0.17ab 2.35±0.07 2.63±0.24 2.70±0.22 2.53±0.13a 2.46±0.09 2.39±0.09 2.54±0.17b 

General pressure (mm Hg) 1.03±0.11ab 1.33±0.11 1.28±0.25 1.50±0.20 1.63±0.13ac 2.31±0.32 4.00±0.51 3.51±0.48bc 

Mean pressure (mm Hg) 0.34±0.05ab 0.65±0.15 0.45±0.18 0.52±0.09 0.70±0.05ac 0.84±0.12 1.47±0.24 1.29±0.24bc 

Mean velocity (m s-1) 0.26±0.02ab 0.38±0.03 0.29±0.05 0.33±0.03 0.36±0.03*ac 0.44±0.03* 0.52±0.05* 0.51±0.05*bc 

Systolic acceleration (m s-2) 6.00±0.57a 4.94±0.63 4.86±0.65 4.92±0.63 5.00±0.42b 5.71±0.36 8.76±0.87 8.97±0.46ab 

Blood input (mL min-1) 114.6±11.2*ab 191.4±34.3* 169.4±22.5* 241.8±34.9* 282.9±30.2*ac 397.0±17.7** 649.0±50.2** 482.0±42.0**bc 

Group A: ewes with β-hydroxybutyrate concentrations >1.2 mmol L-1 in two samples collected after the 129th day of pregnancy - Group B: all other ewes into the 

study. 

* P<0.05, ** P<0.01 between the two groups at respective day for the respective parametre. 
a, b, c for numbers marked with same superscript within a parametre (same row): P<0.05. 
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Development of clinical signs relevant to pregnancy toxaemia in the 

experimental ewes 

 

In four group A ewes (1 with two foetuses and 3 with three foetuses) (14% of ewes into the 

study, 25% of ewes into group A), clinical signs relevant to pregnancy toxaemia were recorded 

after the 140th day of pregnancy. These included depression (n=4), selective or reduced appetite 

(n=4) and recumbency (n=2). 

Treatment was instigated immediately after detection of clinical signs. Treatment included 

administration of propylene glycol per os (30 g, b.i.d. × 3 days) and, in ewes with three foetuses, 

glucose intravenously (2 g, q.i.d. × 2 days), as well as twice daily 10-min long walks of the affected 

animals. In all affected animals, clinical signs subsided two to four days after instigation of 

treatment. 

 

Obstetrical problems in the experimental ewes 

 

In group A ewes, dystocia was diagnosed in eight ewes [0.500, 95% confidence intervals 

(CI): 0.280-0.720]; in all cases, veterinary intervention was necessary to treat that. These eight 

ewes included the four animals with clinical signs relevant to pregnancy toxaemia. In two ewes, 

postural abnormalities of the foetus were evident (1 case: shoulder flexion, 1 case: lateral head 

deviation). In the other six ewes, expulsive deficiency was considered as the likely diagnosis.  

In group B ewes, dystocia was diagnosed in one ewe only (0.083, 95% CI: 0.015-0.354); 

veterinary intervention was necessary. Postural abnormality of the foetus (shoulder flexion) was 

evident. 

 

Duration of pregnancy in the experimental ewes 

 

Duration of pregnancy was significantly shorter in ewes with increased β-hydroxybuturate 

blood concentration during the last stage of pregnancy (P<0.001). Mean (±standard error of the 

mean) duration of pregnancy of ewes into group A was 145.75±0.35 days. Mean duration of 

pregnancy of ewes into group B was 148.42±0.38 days.  
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Birth bodyweight of lambs of the experimental ewes 

 

Median birth bodyweight of lambs of ewes with one foetus was 5.00 kg (4.0-5.9 kg), of 

those ewes with two foetuses was 3.90 kg (2.0-5.3 kg) and of those with three foetuses was 2.95 

kg (2.7-4.7 kg) (P<0.001). Median bodyweight of lambs of ewes allocated into group A was 3.5 kg 

(2.0-5.3 kg) and that of ewes in group B 4.0 kg (2.7-5.9 kg) (P=0.016). 

There was a significant reverse correlation between nematode epg faecal counts and lamb 

birth bodyweight (r=-0.361, P=0.03). There was also a significant reverse correlation between 

blood β-hydroxybutyrate concentrations and lamb birth bodyweight (r=-0.405, P=0.016). 

 

Perinatal mortality of lambs of the experimental ewes 

 

In five animals into group A, a dead foetus was found at lambing. Moreover, lambs born 

from two ewes died by the 2nd day of life (in one of these, a dead foetus had been found at 

lambing). Thus, perinatal mortality in offspring of group A ewes occurred in totally six animals 

(0.375, 95% CI: 0.185-0.614). 

In group B, in the animal with obstetrical problems, a dead foetus was found (0.083 of 

group B ewes, 95% CI: 0.015-0.354). 

 

Post-partum disorders of the genital tract in the experimental ewes 

 

In group A ewes, post-partum genital disorders were evident in four ewes (all had dystocia) 

(0.250, 95% CI: 0.102-0.495); of these, three animals developed mild metritis and one animal 

showed retention of foetal membranes. Immediately after diagnosis of the disorder, each ewe 

received an intramuscular injection of oxytocin (5 i.u.). The disorder resolved by the 3rd day after 

lambing (L3) with no further complications. 

In group B ewes, no post-partum genital disorders were recorded (0.000, 95% CI: 0.000-

0.243). 

A summary of the obstetrical and post-partum problems of the experimental ewes is in 

Table II.viii. 
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Table ΙI.viii. Incidence risk (95% confidence intervals) of peri-parturient problems diagnosed in 

ewes with (group A) or without (group B) increased β-hydroxybuturate blood concentration during 

the last stage of pregnancy. 

Peri-parturient problem Group A Group B 

Dystocia 0.500a (0.280-0.720) 0.083a (0.015-0.354) 

Perinatal mortality of offspring 0.375a (0.185-0.614) 0.083a (0.015-0.354) 

Post-partum disorders 0.250a (0.102-0.495) 0.000a (0.000-0.243) 
a: between results in the same row P<0.05. 

 

Milk yield of the experimental ewes 

 

Mean collected quantity of milk from group A ewes on L3 was 78.1±4.2 mL and on L5 was 

86.4±3.8 mL; respective quantities for group B ewes were 89.5±3.1 mL and 117.6±4.8 mL 

(P=0.019 and P<0.001, respectively). 

There was a significant reverse correlation between grey-scale intensity values in L3/L5 

and milk quantities collected from these animals on the same days (for group A: r=-0.409, 

P=0.010; for group B: r=-0.4378, P=0.016); finally, there was also a significant reverse correlation 

between grey-scale intensity values on P145 and milk quantities collected from animals after 

lambing (r=-0.443, P=0.015). There was also a significant correlation between blood input values 

in L3/L5 and milk quantities collected from these animals on the same days (for group A: 

r=0.2709, P=0.067; for group B: r=0.4083, P=0.024); further, there was a significant correlation 

between blood input values on P130/P135/P140/P145 and milk quantities collected from these 

animals after lambing (r>0.41, P<0.035). 
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B. AFTER CHALLENGE OF THE MAMMARY GLAND 

OF THE EXPERIMENTAL EWES 

 

 

Materials and methods 

 

Experimental overview 

 

As described previously,  of the 28 ewes, in  16 increased  β-hydroxybutyrate (>1.2 mmol 

L-1) concentrations were recorded in blood samples during the last stage of pregnancy; these 

animals had been allocated into group A. In the other 12 ewes, β-hydroxybutyrate concentrations 

in blood samples during the last stage of pregnancy remained consistently <1.0 mmol L-1; these 

animals had been allocated into group B. Conditions prescribed by legislation of the European 

Union in relation to animal experimentation procedures (Council Directive 86/809/EEC) were met 

during this work; the experiment was carried out under a licence for experimental procedures 

obtained from the Greek Ministry of Agriculture. 

After lambing, animals within each group (A or B) were further allocated at random (at the 

toss of a coin) in subgroups (A1 or A2, B1 or B2). On the 3rd day post-partum, measurement of β-

hydroxybutyrate blood concentrations was performed in all samples as described previously; it was 

confirmed that all ewes into subgroups A1 or A2 still had concentrations >1.2 mmol L-1 and all 

those in B1 or B2 still had concentrations <1.0 mmol L-1. Then, on the 5th day post-partum, ewes 

in subgroups A1 or B1 were challenged by deposition into the teat duct of Mannheimia 

haemolytica, strain VSM08L (Mavrogianni et al. 2005, 2006b), which has been isolated from the 

teat duct of a ewe and is of known pathogenicity for the mammary gland of this species. 

 

Feeding of the experimental ewes 

 

After lambing, in ewes suckling one lamb, the ration provided per ewe was 0.30 kg of the 

specially formulated and prepared concentrate feed in mash form (Table II.i) plus 0.35 kg of alfalfa 

hay, offered twice daily. Respective figures for ewes suckling two lambs were 0.35 kg and 0.35 kg 

and for ewes suckling three lambs were 0.50 kg and 0.35 kg. Then, on the 5th day of the lactation 

period, quantities of concentrate feed to ewes were as follows: 0.35, 0.40 and 0.55 kg for ewes 
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suckling one, two or three lambs, respectively, offered twice daily. Barley straw was provided into 

the pens thrice daily, whilst water was available ad libitum. 

 

Preparation of inoculum and inoculation procedure of the 

experimental ewes 

 

The M. haemolytica strain was grown on Columbia blood agar and checked for purity; then 

it was inoculated into Soy-broth (BioMerieux S.A., Marcy-l'-Etoile, Γαλλία) and incubated 

aerobically at 37 oC for 5 h. Serial dilutions of the broth culture into sterile phosphate-buffer-saline 

pH 7.3 (PBS Dulbecco-Biochrom AG, Berlin, Germany) were carried out; finally, 0.2 mL of the 

desired dilution was withdrawn with a syringe. The inoculum contained 1200 to 1250 c.f.u., as 

estimated by the method of Miles and Misra (1938). 

To ensure sterile conditions, on the day before inoculation, the hairs of the teats of the 

experimental ewes were clipped by using fine scissors and the skin of the udder was scrubbed by 

using chlorhexidine. Ewes were challenged as follows; initially, the teat was disinfected by using 

iodine povidone solution; then, a sterile plastic fine catheter (Abbocath) 20 G, 2 mm-long was 

inserted into the teat; the syringe was attached to the catheter and the bacterial suspension was 

deposited inside the teat. Of the ewes in subgroup A1 or B1, half were challenged into the left teat 

and half into the right teat (animals were allocated for challenge into the left or right teat at 

random). The same technique was used to inject 0.2 mL of PBS into the contralateral teat of each 

ewe. PBS was also injected into the respective site of both teats (i.e., 2 mm deep) of ewes in 

subgroup A2 or B2. After challenge, lambs were kept away from their dams for 2 hours. Details 

are in Table II.ix. 

 

Table ΙI.ix. Summary of the experimental design. 

Subgroup n 

β-hydroxybutyrate 

blood concentrations 

at late gestation 

M. haemolytica  

deposition 

into the teat duct 

Days after challenge, 

when tissue samples were collected 

and ewes were removed of the study 

A1 8 >1.2 mmol L-1 Yes D1 (n=2), D2 (n=2), D3 (n=2), D4 (n=2) 

A2 8 >1.2 mmol L-1 No D1 (n=2), D2 (n=2), D3 (n=2), D4 (n=2) 

B1 8 <1.0 mmol L-1 Yes D1 (n=2), D2 (n=2), D3 (n=2), D4 (n=2) 

B2 4 <1.0 mmol L-1 No D1 (n=1), D2 (n=1), D3 (n=1), D4 (n=1) 

D0: day of challenge 
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Pre- and post-challenge procedures in the experimental ewes 

 

Clinical examination of the udder - Sample collection 

A general clinical examination of the experimental ewes, with special reference to their 

udder, was performed before challenge, on the 3rd and the 5th days after lambing (D-2: 2 days 

before challenge, D0: day of challenge, respectively). Samples of teat duct material and milk 

samples were then collected on those occasions. 

After challenge, detailed examinations of the animals (including their udder) and collection 

of samples were carried out 12 h after challenge (D0+12 h) and thereafter on D1 (1 day after 

challenge), D2, D3 and D4 (unless of course, a ewe had been removed from the study before 

that). 

 

Ultrasonographic examination of the udder  

Starting on the 3rd day of the lactation period, i.e. two days before challenge (D-2), in the 

morning of each test day, an ultrasonographic examination of the udder was performed; the 

examination was repeated on D0, before challenge. After challenge, the examination was 

performed 3 h after challenge (D0 + 3 h; only subgroups A1 and B1 - only Doppler examination), 6 

h after challenge (D0 + 6 h; only subgroups A1 and B1 - only Doppler examination), 12 h after 

challenge (D0 +12 h) and thereafter on D1, D2, D3 and D4 (unless of course, a ewe had been 

removed from the study before that). 

Before each examination, lamb(s) of the respective ewe had been removed from the dam 

for one hour. The examination was performed with the animal on the standing position and 

restrained inside a crate, using the support of an assistant. For examination, hair on the abdomen 

and the udder had been fully clipped. Coupling gel was applied. Initially, the left side of the udder 

was imaged and subsequently, the whole procedure was repeated for the right side of the udder. 

B-mode and Doppler examination of the mammary parenchyma was performed by the 

same equipment (MyLab® 30; ESAOTE SpA, Genova, Italy) and by using the same techniques as 

described in detail already. In B-mode examination, 10.0 MHz imaging frequency and 60 mm 

scanning depth were used for this procedure. In Doppler examination, 5.0 to 6.6 MHz imaging 

frequency and 60 mm scanning depth were used for this procedure. 

Subsequently, ultrasonographic evaluation was performed in the teat of the ewes. Ample 

quantity of coupling gel was applied. B-mode ultrasonographic examination was initially performed. 

The transducer was placed longitudinally to the teat; 12.0 MHz imaging frequency and 20 to 30 

mm scanning depth were used for this procedure. All the teat was imaged in one section. Then, 
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colour Doppler evaluation was performed in the subcutaneous vessels of the teat. Adjustments 

necessary for optimal colour image quality were made, with the pulse repetition frequency 

maintained constant, in order to ensure comparability of images taken; 6.6 MHz imaging frequency 

and 20 to 30 mm scanning depth were used for this procedure 

In all cases, images (B-mode or Doppler) were frozen and saved on the equipment hard-

disk for performing subsequently appropriate measurements and data analysis. 

 

Bacteriological and cytological examinations of udder samples 

Conventional bacteriological examination of samples was carried out (Barrow and Feltham 

1993, Euzeby 1997). The California Mastitis Test (CMT) was then carried out and leucocyte 

subpopulations were identified in milk samples. 

 

Mammilectomy and mammary parenchyma biopsy 

Two of the ewes in each of subgroups A1, A2 and B1 were subjected to mammilectomy of 

the inoculated teat and mammary parenchyma biopsy of both sides of the udder on each of D1, 

D2, D3 and D4. One ewe in subgroup B2 was subjected to the same procedures on each of the 

above days. 

The operation was carried out under sedation and cranial epidural block; opoioids were 

also administered for analgesia (Galatos 2011). All surgical procedures were performed under 

strict aseptic conditions. Initially, the teat was ligated at its base and excised. At the same time, a 

biopsy of the parenchyma of both mammary glands was also performed (Fthenakis and Jones 

1990b); two cubes of tissue, approximately 1×1×1 cm, were removed from the ventral part of each 

gland. After obtaining the tissue samples and repairing the wounds, ewes were removed from the 

experiment. 

 

Procedures in udder tissue samples 

The skin of each excised teat and the subcutaneous tissues were incised with a sterile 

blade; initially, the mucosa of the teat cistern (sinus papillaris) was exposed and subsequently the 

teat duct (ductus papillaris) was incised and its mucosa was exposed. A new blade was used for 

scraping the mucosa of the teat cistern, whilst another one was used to scrape the mucosa of the 

teat duct. An electronic cutimetre was used to measure 2 mm from the teat orifice, in order to 

determine the precise site of the teat, where the inoculum had been deposited (Mavrogianni et al. 

2005). The scrapings from the inside of the teat and one of the cubes of tissue from each 
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mammary gland were used for bacteriological examination, by applying conventional techniques 

(Barrow and Feltham 1993, Euzeby 1997). 

Longitudinal sections, involving all the structures of the teat, were carried out for 

histopathological examination. The second tissue sample from each mammary parenchyma was 

also processed. Tissue samples were fixed in 10% neutral-buffered formalin and embedded in 

paraffin wax. Haematoxylin and eosin (HE) standard staining procedures were performed for 

histopathological study of tissue samples. 

 

Data management and analysis 

 

Definitions 

Clinical mastitis was defined as the presence of clinically evident abnormalities in the 

mammary gland or the mammary secretion. Subclinical mastitis was defined as the simultaneous 

isolation of bacteria from milk samples and the detection of positive CMT scores, with no clinically 

evident abnormalities. 

 

Cytological examination of milk samples 

In the California Mastitis Test, reactions scored ≥‘1’ were considered to be indicative of 

increased cellular content in milk (Fthenakis 1995) 

 

Results taken into account during the ultrasonographic examination of the udder of the 

experimental ewes 

During the ultrasonographic examination of the udder, three sets of images were recorded 

for each side of the udder: (i) images of mammary parenchyma, (ii) images of cross-sections of 

external pudendal artery and (iii) spectral waveforms of external pudendal artery. All images were 

initially evaluated visually for presence of abnormal structures therein. Then, data management 

was performed on images that had been saved at the time of examination. Data for left and right 

mammary gland of the same animal were considered separately. 

Stored images of mammary parenchyma were processed to produce intensity values for 

analysis of grey-scale, with results were expressed on a 0 (black) to 255 (white) scale. Stored 

images of cross-sections of the external pudendal artery were also processed for calculation of the 

internal diametre of the vessel and of the same haemodynamic parametres of the external 

pudendal artery, i.e., resistance index, pulsatility index, systolic:diastolic velocity ratio, general 

pressure, mean pressure, mean velocity, systolic acceleration and blood input. 
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Blood input in teat vessels was presented by scoring the amount of colour on each image 

in a 1 to 4 scale, compared to 0, which was assigned on each teat before challenge; hence, 

scores 1 or 2 were given based on relative increase of diametre (≤50% increase for score 1 and 

>50% for score 2) of already imaged vessels; scores 3 or 4 were given only if ‘new’ (i.e., not visible 

in previous images) vessels (≤2 vessels for score 3 and >2 vessels for score 4) were imaged. 

Finally, results from a ewe in subgroup A2, which developed spontaneous subclinical 

mastitis during the study were not taken into account in the analysis. 

 

Scoring of pathological findings in tissue samples 

A scoring system previously devised (Fragkou et al. 2007) was used and numerical values 

were assigned for the macroscopic or histological pathological findings in the teats or in the 

mammary parenchyma of the experimental animals. The system is detailed in Table II.x. 

 

Table ΙI.x. Description of scores given for pathological findings in the teats or the mammary 

parenchyma of ewes inoculated with M. haemolytica (Fragkou 2007). 

Score Description 

Teat – Macroscopic pathological findings 

0 Normal 

1 Presence of folds on the mucosa of the teat 

2 Hyperaemia of the mucosa of the teat 

3 
Thickening of the mucosa of the teat, with increased number of folds and presence of 

petechiae 

4 
Extreme thickening of the mucosa of the teat, with loss of the separation of the compartments 

of the teat 

Teat – Histopathological findings 

0 Normal 

1 Presence of a few, scattered leucocytes 

2 Presence of increased numbers of leucocytes clustered under the epithelium of the teat 

3 Presence of high numbers of leucocytes evenly distributed under the epithelium of the teat 

4 
Presence of high numbers of leucocytes, plus hyperplasia of lymphoid tissue at the teat duct - 

teat cistern border 

Parenchyma – Histopathological findings 

0 Normal 

1 Presence of a few, scattered leucocytes 

2 Presence of increased numbers of leucocytes clustered in the intra- and inter-alveolar area 

3 Diffuse presence of leucocytes, extravasation and destruction of epithelial cells 

4 Haemorrhages, destruction of alveoli and loss of the internal architecture of the parenchyma 
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Statistical computations 

All data were entered into Excel spreadsheets (Microsoft Corporation, Redmond, WA, 

USA). Initially, descriptive statistics for all parametres were performed. 

The proportions of ewes with clinical or subclinical mastitis, of bacterial isolations from teat 

duct material or mammary secretion and of CMT positive results, as well as the proportion of 

bacterial isolations from tissue samples were calculated. Proportions were compared between 

groups (A versus B) and between inoculated or non-inoculated animals (A1 plus B1 versus A2 

plus B2), as well as between corresponding subgroups (A1 versus B1, A2 versus B2). Separate 

analyses were carried out for the inoculated and the contralateral side. Finally, comparisons were 

made between the above proportions in samples from inoculated or contralateral sides within the 

same subgroup. Chi-square tests were performed for comparisons of proportions between 

respective groups / subgroups. 

Wilcoxon Signed Rank tests were performed to evaluate differences in pathology score 

medians between groups (A versus B) and between inoculated or non-inoculated animals (A1 and 

B1 versus A2 and B2), as well as between corresponding subgroups (A1 versus B1, A2 versus 

B2). They were also used to test differences between pathology scores in the mammary 

parenchyma ipsilaterally or contralaterally to the inoculated teat within the same subgroup. 

For the study of the results of the ultrasonographic examinations, repeated measures 

mixed effect linear regression models were used to determine whether outcomes in the four 

subgroups of the study changed over the course of the study period. Effect of experimental 

subjects (animals) was included as random effect in the model. Models were adjusted for repeated 

measures within animals. Independent variables (fixed effects) included mammary gland, 

experimental subgroup (A1, A2, B1, B2), time of the study (i.e., D-2, D0, D0+3 h, D0+6 h, D0+12 

h, D1, D2, D3, D4) and a time of the study by mammary gland or a time of the study by 

experimental subgroup interaction. For each parametre, an analysis that took into account all data 

(9 time-points) was carried out. Subsequently, a more simplified analysis was performed, which 

accounted data in the three time-periods of the study (i.e., ‘Before challenge’, ‘Day of challenge’, 

‘After day of challenge’). 

An electronic data management tool was employed (Lowry 2012, 2015). Significance level 

was set at P≤0.05. 
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Results 

 

Findings in examinations before challenge of the experimental ewes 

 

The mammary glands and the teats of all ewes were clinically healthy in both examinations 

performed before challenge. The teats were soft with no external abnormalities. Moreover, no 

bacteria were isolated from any teat duct material or milk samples obtained. California Mastitis 

Test scores in milk samples were negative (scores ‘negative’ or ‘trace’) and observation of 

Giemsa-stained milk films revealed only scarce presence of macrophages therein (on average, 

one cell per 10 fields with the 10× objective lens). 

No abnormal findings were evident during the observation of ultrasonographic images of 

the mammary parenchyma and the teat. The mammary parenchyma appeared mildly 

heterogeneous. Presence of milk was evident in images of both the parenchyma and the teat. 

 

Clinical, bacteriological and cytological findings after challenge of 

the experimental ewes 

 

Inoculated (or corresponding) side of the udder 

In subgroup A1, three ewes developed (D1 to D3) signs of clinical mastitis (changes in the 

mammary secretion, which became serous or sero-haemorrhagic and contained flakes, and 

presence of increased size and temperature of the teat and the mammary parenchyma). The other 

five animals in the subgroup developed subclinical mastitis, i.e., in total, 8/8 animals developed 

mastitis. M. haemolytica was isolated in pure culture from teat duct material and milk samples of 

all ewes (8/8) (in total, 28/28 and 21/28 isolations, respectively), starting 12 h post-inoculation and 

until D4. The CMT increased (>‘1’) in all ewes (27/28 positive samples). Leucocytes were seen in 

Giemsa-stained secretion films; their great majority (≥95%) consisted of neutrophils, with some 

macrophages and lymphocytes also present. 

In subgroup A2, one ewe developed subclinical mastitis on D2; M. haemolytica was 

isolated on two occasions (D2, D3) from the teat duct material and the milk sample of that ewe (in 

total, 2/28 and 2/28 isolations, respectively). The CMT was increased in milk samples (D2, D3) 

from that animal (2/28 positive samples in total). Neutrophils were mainly seen in the secretion 

films from that animal, whilst scarce macrophages were observed in the samples from the other 

ewes. 
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In subgroup B1, four ewes developed subclinical mastitis (P=0.021 when compared to 

animals that developed mastitis in subgroup A1). M. haemolytica was isolated in pure culture from 

teat duct material samples of all ewes (8/8), as well as from milk samples of four ewes, starting 12 

h post-challenge and until D4 (in total, 25/28 and 11/28 isolations, respectively). The CMT 

increased (>‘1’) in all ewes (27/28 positive samples). Leucocytes were seen in Giemsa-stained 

secretion films; their great majority (≥80%) consisted of neutrophils, with macrophages and 

lymphocytes also evident. 

In subgroup B2, no abnormal findings were recorded (P=0.460 when compared to animals 

that developed mastitis in subgroup A2). No bacteria were isolated from teat duct material or milk 

samples from these ewes (in total, 0/14 and 0/14 isolations) and the CMT remained negative (0/14 

positive samples). Macrophages were seen scarcely in the milk samples. 

In total, there was a tendency for more bacterial isolations from the inoculated side of ewes 

with increased β-hydroxybuturate blood concentration during the last stage of the preceding 

pregnancy (group A) than from that of ewes with no increased β-hydroxybuturate blood 

concentration during the last stage of the preceding pregnancy (group B) (53/112 versus 36/84, 

respectively), which, however, was not statistically corroborated (P=0.535). Ewes that were 

inoculated (A1 plus B1), yielded more bacterial isolations than uninoculated controls (A2 plus B2) 

(85/112 versus 4/84, respectively; P<0.001). Comparisons between subgroups revealed that 

isolations from inoculated (or corresponding) side of A1 or A2 were greater than isolations from 

respective side of B1 or B2 (for isolations from teat duct material or mammary secretion samples 

from subgroup A1 versus B1, P=0.075 and P=0.007, respectively; for isolations from subgroup A2 

versus B2, P=0.305). 

When comparing CMT scores, significantly more positive CMT results were evident in 

samples from inoculated side of ewes than from uninoculated controls (P<0.001), whilst all other 

comparisons did not reveal significant differences (P>0.2). Detailed results are in Table II.xi. 
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Table II.xi. Clinical findings, sequential isolation of M. haemolytica and results of California Mastitis Test in the udder of ewes with one teat 

inoculated or not with the organism. 

 12 h post-inoculation D1 D2 D3 D4 

 Α1 Α2 Β1 Β2 Α1 Α2 Β1 Β2 Α1 Α2 Β1 Β2 Α1 Α2 Β1 Β2 Α1 Α2 Β1 Β2 

Clinical signs                 

Presence 0/8 0/8 0/8 0/4 3/8 0/8 0/8 0/4 3/6 0/6 0/6 0/3 2/4 0/4 0/4 0/2 0/2 0/2 0/2 0/1 

M. haemolytica isolations                 

Teat duct material 8/8 0/8 8/8 0/4 8/8 0/8 8/8 0/4 6/6 1/6 5/6 0/3 4/4 1/4 2/4 0/2 2/2 0/2 2/2 0/1 

Secretion 1/8 0/8 2/8 0/4 8/8 0/8 2/8 0/4 6/6 1/6 4/6 0/3 4/4 1/4 2/4 0/2 2/2 0/2 1/2 0/1 

California Mastitis Test results                 

Positive 7/8 0/8 8/8 0/4 8/8 0/8 8/8 0/4 6/6 1/6 6/6 0/3 4/4 1/4 4/4 0/2 2/2 0/2 1/2 0/1 

D1, D2, D3, D4 = days after inoculation 

A1, A2, B1, B2 = subgroups (A*: ewes with increased β-hydroxybuturate blood concentration during the last stage of the preceding pregnancy, B*: ewes with no 

increased β-hydroxybuturate blood concentration during the last stage of the preceding pregnancy; *1: ewes challenged with deposition of M. haemolytica at the 

teat duct on the 5th day post-partum, *2: uninfected control ewes). 

n/m=positive results out of total animals sampled 
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Non-inoculated side of the udder 

In subgroup A1, M. haemolytica was isolated on two occasions (12 h post-inoculation and 

D1) from milk samples, but not from teat duct material samples, of the contralateral side of one 

ewe (in total, 0/28 and 2/28 isolations from teat duct material and milk samples, respectively). 

Increased CMT scores were also recorded in milk samples from that animal. In all other 

subgroups, no bacteria were isolated from the contralateral side of the udder (teat duct material 

and milk samples) of the experimental ewes. Comparisons performed did not reveal any significant 

difference (P>0.2). 

When proportions of bacterial isolations or positive CMT scores in samples from inoculated 

or contralateral side were compared, significance was recorded in subgroups A1 or B1 (P<0.001), 

but not in subgroups A2 or B2 (P>0.14). 

 

Findings of ultrasonographic examination of the udder of the 

experimental ewes 

 

After D1, the duct cistern (sinus papillaris) and the gland cistern (sinus lactiferous) were 

observed as anechoic cavities, with presence of hyperechoic particles therein, initially in the duct 

cistern (Fig. II.9.) and later in the gland cistern. Progressively also (after D2), the ultrasonographic 

pattern observed in the parenchyma became markedly heterogeneous, with presence of 

characteristically coarse formations within (Figs II.10. and II.11.). 
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Figure II.9. B-mode ultrasonographic appearance of the teat of a ewe (subgroup A1), before 

challenge with M. haemolytica into the teat duct showing the teat cistern (sinus papillaris) as an 

anechoic cavity (left picture) and 2 days after challenge (D2) with presence of hyperechoic 

particles therein, obvious in a ‘snow-like’ appearance at the right part of the cavity (i.e., at the 

lower part of the cistern) (right picture). Images taken on a MyLab® 30 ultrasonography system 

with linear transducer, imaging frequency: 12.0 MHz - scanning depth: 20 to 30 mm. 

 

 

 

 

 

 

 

 

 

 

 

Figure II.10. B-mode ultrasonographic apprearance of the parenchyma of the inoculated side of 

the udder of a ewe (subgroup A1), before challenge with M. haemolytica into the teat duct (left 

picture) and 4 days after challenge (D4) (right picture). Images taken immediately before the gland 

cistern on a MyLab® 30 ultrasonography system with linear transducer, imaging frequency: 10.0 

MHz - scanning depth: 60 mm. 
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Figure II.11. B-mode ultrasonographic apprearance of the parenchyma of the inoculated side of 

the udder of a ewe (subgroup A1) 4 days after challenge with M. haemolytica into the teat duct 

(D4) (left picture) and of the parenchyma of the contralateral side of the udder (right picture). 

Images taken immediately before the gland cistern on a MyLab® 30 ultrasonography system with 

linear transducer, imaging frequency: 10.0 MHz - scanning depth: 60 mm. 

 

 

After challenge, median grey-scale intensity values in the inoculated side of subgroup A1 

and B1 temporarily decreased, but no evidence of significant differences was produced. Recorded 

values were 66.9 ‘Before challenge’ to 64.8 on ‘Day of challenge’ to 79.4 ‘After day of challenge’ 

for subgroup A1 and 73.7 ‘Before challenge’ to 69.1 to ‘Day of challenge’ to 71.2 ‘After day of 

challenge’ for subgroup B1 (P<0.19 for subgroup A1 and P<0.055 for subgroup B1) (for 

differences between A1 and B1, P<0.17). A similar pattern was evident in the contralateral side of 

subgroup B1 ewes only (P=0.002 on ‘Day of challenge’ compared to ‘Before challenge’), but the 

opposite trend was noticed in the respective side of subgroup A1 ewes (P=0.022 on ‘Day of 

challenge’ compared to ‘Before challenge’) (Fig. II.12.). 
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Figure II.12. Time-series (before and after challenge with M. haemolytica into the teat duct) 

graphs of the grey-scale intensity values (0-255) of the mammary gland of ewes in subgroup A1 

(red lines) or B1 (blue lines), which had one teat inoculated (solid lines) or not (dotted lines). 

  
 

After challenge (subgroups A1 and B1), there was clear evidence for an increase in the 

diametre of the external pudendal artery already 6 h after challenge (P<0.02), which later (D1) 

decreased to pre-challenge figures (P>0.12). Some increase was also observed in the external 

pudendal artery of the contralateral side of the udder in both subgroups, although evidence 

indicated a significant difference between the two sides only in subgroup B1 (P=0.28 for subgroup 

A1, P=0.025 for subgroup B1) (Fig. II.13.). Similar changes were not observed in subgroups A2 

and B2 (P>0.11). 

 

Figure II.13. Time-series (before and after challenge with M. haemolytica into the teat duct) 

graphs of the diametre (cm) of the external pudendal artery of ewes in subgroup A1 (red lines) or 

B1 (blue lines), which had one teat inoculated (solid lines) or not (dotted lines). 

 

 

The spectral display in Doppler mode was observed as a broad band structure. After 

challenge, there was an abrupt and excessive increase in blood input into the mammary 

parenchyma of the challenged side in ewes in subgroups A1 and B1, as follows; median input in 
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subgroup A1 ewes was 400 mL min-1 ‘Before challenge’ to 513 mL min-1 on ‘Day of challenge’ to 

318 mL min-1 after that (P<0.001) and respective values in subgroup B1 were 527 mL min-1, 709 

mL min-1 and 418 mL min-1 (P<0.003) (for differences between A1 and B1, P=0.006 on ‘Day of 

challenge’ and P=0.055 ‘After day of challenge’). There was some, but not significant, increase of 

blood input into the contralateral gland: 400 mL min-1, 452 mL min-1 and 332 for subgroup A1 and 

523 mL min-1, 538 mL min-1 and 321 mL min-1 for subgroup B1, respectively (P<0.065 for 

subgroup A1, P<0.42 for subgroup B1) and evidence showed that blood input into the parenchyma 

after challenge was greater in the inoculated than the contralateral side (P<0.03) (Figs II.14. and 

II.15.). No such changes were evident in the uinifected animals. 

Mean velocity of blood increased immediately after challenge; in ewes of subgroup A1, it 

returned to previous values later than in ewes of subgroup B1 (comparisons between values 

obtained ‘Before challenge’ to values obtained on ‘Day of challenge’: P=0.001 for subgroup A1, 

P<0.001 for subgroup B1; comparisons between values obtained ‘Before challenge’ to values 

obtained ‘After day of challenge’: P=0.004 for subgroup A1, P=0.242 for subgroup B1; 

comparisons between values obtained on ‘Day of challenge’ to values obtained ‘After day of 

challenge’: P=0.38 for subgroup A1, P<0.001 for subgroup B1). A similar pattern, but of smaller 

magnitude, was recorded in the contralateral mammary glands of these ewes (P values varying 

from <0.001 to 0.124) (Fig. II.16.). No such changes were evident in the uninfected animals (P 

values varying from <0.135 to 0.5). 

 

Figure II.14. Time-series (before and after challenge with M. haemolytica into the teat duct) 

graphs of the Doppler ultrasonography results of the external pudendal artery of ewes in subgroup 

A1 (red lines) or B1 (blue lines), which had one teat inoculated (solid lines) or not (dotted lines): (a) 

blood input (mL min-1), (b) mean velocity (m s-1). 

(a) 
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Figure II.14. (continued). 

(b) 
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Figure II.15. Serial (before and after challenge with M. haemolytica into the teat duct; from left to right: picture on D-2, D0+12 h, D2) spectral 

waveforms of the external pudendal artery of (a) a ewe with increased β-hydroxybuturate blood concentration during the last stage of the 

preceding pregnancy, which was subsequently inoculated into the ipsilateral teat (on D0) (subgroup A1), (b) a ewe with no increased β-

hydroxybuturate blood concentration during the last stage of the preceding pregnancy, which was subsequently inoculated into the ipsilateral teat 

(on D0) (subgroup B1) or (c) a ewe with no increased β-hydroxybuturate blood concentration during the last stage of the preceding pregnancy, 

which was subsequently inoculated into the contralateral teat (on D0) (subgroup B1). Images taken and processed on a MyLab® 30 

ultrasonography system with linear transducer, imaging frequency: 5.0 to 6.6 MHz - scanning depth 60 mm. 

(a) 
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Figure II.15. (continued). 

(b) 

 

(c) 
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In both subgroups A1 and B1, blood input into the teat increased immediately after 

challenge and remained increased during the study (P<0.001 for all comparisons) in the inoculated 

teat. A similar increase was evident in the contralateral teat, but of smaller magnitude (P values 

varying from 0.023 to 0.49), with a significant difference between the two sides of the same animal 

(P<0.002 for all comparisons) (Fig. II.16.). 

Detailed results are in Tables II.xii. and II.xiii. 
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Figure II.16. Serial (before and after challenge with M. haemolytica into the teat duct; from left to right: picture on D-2, D0+12 h, D2) colour 

Doppler images of the subcutaneous vessels of the teat of (a) a ewe with increased β-hydroxybuturate blood concentration during the last stage 

of the preceding pregnancy, which was subsequently inoculated into that teat (on D0) (subgroup A1), (b) a ewe with no increased β-

hydroxybuturate blood concentration during the last stage of the preceding pregnancy, which was subsequently inoculated into that teat (on D0) 

(subgroup B1) or (c) a ewe with no increased β-hydroxybuturate blood concentration during the last stage of the preceding pregnancy, which was 

subsequently inoculated into the contralateral teat (on D0) (subgroup B1). Images taken and processed on a MyLab® 30 ultrasonography system 

with linear transducer; imaging frequency: 6.6 MHz - scanning depth: 20 to 30 mm. 

(a) 
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Figure II.16. (continued). 

(b) 

 

(c) 
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Table II.xii. Quantitative results [median (min.-max.)] of ultrasonographic (B-mode or Doppler) examination of the udder in ewes with one teat 

inoculated or not with M. haemolytica; results of the two sides of the udder are considered separately. 

 Before challenge Day of challenge 
After day of 

challenge 
Before challenge Day of challenge 

After day of 

challenge 

Subgroup A1 Inoculated side of the udder Contralateral side of the udder 

Mammary parenchyma grey-scale 
73.7a 

(65.9-96.1) 

69.1a,m 

(38.3-89.0) 

71.2z 

(37.8-99.2) 

75.5 

(6.4-86.4) 

72.8m 

(42.5-109.6) 

74.3 

(47.3-101.0) 

External pudendal artery diametre (cm) 
0.55a 

(0.51-0.64) 

0.57a 

(0.52-0.75) 

0.55m 

(0.50-0.68) 

0.55a 

(0.51-0.60) 

0.57a,b 

(0.49-0.63) 

0.55b,m 

(0.47-0.66) 

Resistance index 
0.62a 

(0.53-0.64) 

0.54a,b,m,x 

(0.44-0.61) 

0.59b,z 

(0.44-0.76) 

0.59a 

(0.55-0.64) 

0.57a,b,m,x,z 

(0.47-0.68) 

0.60b 

(0.49-0.72) 

Pulsatility index 
1.02a,z 

(0.82-1.20) 

0.83a,b,m,z 

(0.64-0.99) 

0.98b,z 

(0.69-1.69) 

1.00a  

(0.86-1.16) 

0.91a,b,m 

(0.68-1.28) 

1.06b 

(0.71-1.48) 

Systolic:diastolic velocity ratio 
2.40a,z 

(2.20-2.73) 

2.51b,z 

(2.17-3.33) 

2.40a,b,z 

(1.97-2.61) 

2.35 

(2.13-2.78) 

2.32x 

(2.00-3.10) 

2.33x 

(1.95-3.19) 

General pressure (mm Hg) 
4.40a,b 

(3.30-7.50) 

6.80a,c,z 

(3.40-7.50) 

7.50b,c,m,x,z 

(3.70-7.50) 

4.60a,x 

(3.30-7.50) 

7.00a,x,z 

(3.90-7.50) 

5.10m,x,z 

(3.20-7.50) 

Mean pressure (mm Hg) 
1.90a,b,z 

(1.50-3.00) 

3.00a,z 

(1.80-3.70) 

2.60b,x,z 

(1.20-3.90) 

1.80a 

(1.50-2.90) 

2.80a,b,x,z 

(1.50-5.60) 

2.00b,x,z 

(0.80-5.50) 

Mean velocity (m s-1) 
0.65a,b,z 

(0.54-0.84) 

0.75a,z,x 

(0.59-0.98) 

0.80b,m,x,z 

(0.51-0.97) 

0.61a,b,z 

(0.49-0.75) 

0.71a,x,z  

0.60-0.94) 

0.67b,m,x,z 

(0.43-0.94) 

Systolic acceleration (m s-2) 
9.24a 

(4.30-15.71) 

9.55b,z 

(4.35-15.78) 

10.25a,b,x,z 

(6.42-20.76) 

9.53 

(2.47-15.36) 

9.39a,x,z 

(1.95-11.97) 

9.83a,z 

(7.51-14.58) 

Blood input into parenchyma (mL min-1) 
400a,b,z 

(296-572) 

513a,c,m,x,z 

(325-1043) 

318b,c,x 

(232-737) 

400a,z 

(292-656) 

452b,m,z 

(242-728) 

332a,b 

(203-508) 

Blood input at teat (score 0-4) 
0a,b 

(0-2) 

3a,b,c,m,x 

(1-4) 

2b,c,m,x,z 

(0-4) 

0z 

(0-3) 

1m 

(0-2) 

1m,z 

(0-3) 
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Table II.xii. (continued). 

 Before challenge Day of challenge 
After day of 

challenge 
Before challenge Day of challenge 

After day of 

challenge 

Subgroup A2 Ipsilateral to inoculated side of the udder Contralateral side of the udder 

Mammary parenchyma grey-scale 
75.2 

(53.7-82.5) 

67.2 

(53.8-94.4) 

73.2 

(50.0-127.5) 

74.2 

(46.0-88.9) 

58.2 

(43.7-104.0) 

71.7 

(53.7-123.7) 

External pudendal artery diametre (cm) 
0.53 

(0.37-0.63) 

0.52 

(0.45-0.71) 

0.53 

(0.37-0.76) 

0.55 

(0.39-0.70) 

0.53 

(0.42-0.63) 

0.54 

(0.40-0.66) 

Resistance index 
0.58 

(0.53-0.67) 

0.65x 

(0.47-0.70) 

0.56 

(0.47-0.73) 

0.59 

(0.52-0.68) 

0.61x 

(0.56-0.70) 

0.61 

(0.49-0.72) 

Pulsatility index 
0.99 

(0.90-1.12) 

0.92 

(0.63-1.08) 

1.00 

(0.75-1.63) 

0.98 

(0.74-1.39) 

0.95a 

(0.78-1.08) 

1.03a 

(0.74-1.66) 

Systolic:diastolic velocity ratio 
2.42 

(1.75-3.06) 

2.82 

(2.10-3.38) 

2.27 

(1.87-3.76) 

2.40 

(2.20-3.13) 

2.57x 

(2.30-3.28) 

2.51x 

(1.97-3.56) 

General pressure (mm Hg) 
4.30 

(3.60-7.50) 

4.50 

(2.70-7.50) 

4.10x 

(1.70-7.50) 

4.10x 

(3.30-4.80) 

3.40x 

(2.90-4.10) 

4.00x 

(1.40-7.50) 

Mean pressure (mm Hg) 
1.80 

(1.30-3.50) 

2.00 

(0.80-3.60) 

2.00x 

(0.60-3.40) 

1.70 

(1.40-3.00) 

1.20x 

(0.60-2.70) 

1.30x 

(0.50-3.40) 

Mean velocity (m s-1) 
0.63 

(0.52-0.78) 

0.60x 

(0.55-0.80) 

0.60x 

(0.49-0.70) 

0.60 

(0.54-0.66) 

0.61x 

(0.52-0.63) 

0.59x 

(0.41-0.68) 

Systolic acceleration (m s-2) 
9.45m 

(6.20-11.99) 

7.55 

(4.49-10.6) 

8.58x 

(5.11-14.19) 

9.51a,m 

(6.92-14.30) 

7.18a,x 

(5.35-10.74) 

8.21 

(5.03-17.89) 

Blood input into parenchyma (mL min-1) 
401a 

(288-795) 

335x 

(148-512) 

267a,x 

(120-392) 

384a 

(268-995) 

246 

(165-624) 

258a 

(120-996) 

Blood input at teat (score 0-4) 
0 

(0-2) 

0x 

(0-2) 

0.5x 

(0-3) 

0 

(0-3) 

0 

(0-3) 

0 

(0-3) 
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Table II.xii. (continued). 

 Before challenge Day of challenge 
After day of 

challenge 
Before challenge Day of challenge 

After day of 

challenge 

Subgroup B1 Inoculated side of the udder Contralateral side of the udder 

Mammary parenchyma grey-scale 
66.9a 

(53.8-94.5) 

64.8b,m,x 

(36.9-77.6) 

79.4a,b,z 

(51.7-105.6) 

68.6 

(59.5-76.0) 

71.4m 

(51.5-116.4) 

76.2 

(49.1-105.3) 

External pudendal artery diametre (cm) 
0.54a 

(0.45-0.64) 

0.58a,b,m,x 

(0.50-0.79) 

0.55b 

(0.49-0.63) 

0.54 

(0.48-0.73) 

0.56m,x 

(0.47-0.62) 

0.53 

(0.47-0.70) 

Resistance index 
0.62a,m 

(0.54-0.91) 

0.54a,b 

(0.47-0.66) 

0.63b,z 

(0.53-0.84) 

0.61a,b,m 

(0.51-0.68) 

0.52a,c,z 

(0.45-0.73) 

0.64b,c 

(0.54-0.89) 

Pulsatility index 
1.16a,x,z (0.76-

1.41) 

0.92a,b,z 

(0.68-1.23) 

1.06b,z 

(0.69-2.01) 

1.12a,b 

(0.85-1.33) 

0.94a,c 

(0.58-1.46) 

1.20b,c 

(0.86-2.08) 

Systolic:diastolic velocity ratio 
2.61z 

(2.10-3.26) 

2.76m,z 

(2.21-3.16) 

2.60z 

(2.22-2.35) 

2.60 

(2.47-3.12) 

2.66m 

(1.89-3.76) 

2.67 

(2.01-3.55) 

General pressure (mm Hg) 
3.50a 

(2.50-7.50) 

4.40z 

(2.00-7.50) 

3.40a,x,z 

(2.30-5.90) 

4.00 

(2.00-7.50) 

4.20x,z, 

(2.20-7.50) 

3.80z 

(2.10-7.50) 

Mean pressure (mm Hg) 
1.30a,m,x,z 

(0.70-2.80) 

1.60a,b,z 

(0.90-3.60) 

1.30b,z, 

(0.60-2.40) 

1.40m,x 

(0.80-4.20) 

1.40a,z 

(0.60-3.80) 

1.30a,z 

(0.60-3.20) 

Mean velocity (m s-1) 
0.51a,z 

(0.42-0.58) 

0.61a,b,z 

(0.50-0.70) 

0.54b,z 

(0.36-0.79) 

0.50a,z 

(0.43-0.58) 

0.55a,x,z 

(0.45-0.85) 

0.54z 

(0.38-0.87) 

Systolic acceleration (m s-2) 
8.69a 

(6.35-11.78) 

12.12a,b,x,z 

(7.14-15.47) 

8.51b,x,z 

(4.98-14.31) 

9.05a 

(4.78-11.78) 

11.16a,b,z 

(6.87-15.57) 

8.68b,z 

(6.48-11.27) 

Blood input into parenchyma (mL min-1) 
527a,z 

(249-803) 

709a,b,m,x,z, 

(333-998) 

418b 

(171-894) 

523a,z 

(271-888) 

538b,m,x,z 

(390-691) 

321a,b 

(168-868) 

Blood input at teat (score 0-4) 
0a,b 

(0-1) 

3a,c,m,x 

(2-4) 

1.5b,c,m,x.z 

(0-2) 

0a,z 

(0-1) 

0.5a,b,m 

(0-2) 

0b,m,z 

(0-1) 
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Table II.xii. (continued). 

 Before challenge Day of challenge 
After day of 

challenge 
Before challenge Day of challenge 

After day of 

challenge 

Subgroup B2 Ipsilateral to inoculated side of the udder Contralateral side of the udder 

Mammary parenchyma grey-scale 
65.8a 

(56.9-73.6) 

91.9a,x 

(68.8-115.6) 

79.2 

(59.8-117.4) 

66.2 

(63.7-78.4) 

85.5a 

(52.5-85.6) 

83.5a 

(61.9-90.7) 

External pudendal artery diametre (cm) 
0.54 

(0.51-0.59) 

0.53a,x 

(0.50-0.55) 

0.56a 

(0.51-0.64) 

0.54 

(0.49-0.63) 

0.51x 

(0.50-0.56) 

0.55 

(0.50-0.58) 

Resistance index 
0.60 

(0.48-0.67) 

0.64 

(0.57-0.69) 

0.62 

(0.55-0.68) 

0.60 

(0.51-0.68) 

0.64 

(0.55-0.75) 

0.63 

(0.55-0.74) 

Pulsatility index 
1.13x 

(0.95-1.18) 

1.12 

(0.87-1.27) 

1.11 

(0.82-1.34) 

1.15 

(0.94-1.29) 

1.15 

(0.95-1.55) 

1.15 

(0.92-1.64) 

Systolic:diastolic velocity ratio 
2.49 

(1.91-3.00) 

2.76 

(2.33-3.19) 

2.61 

(2.21-3.12) 

2.49 

(2.10-3.12) 

2.79 

(2.21-3.93) 

2.69 

(2.23-3.09) 

General pressure (mm Hg) 
3.70a 

(3.00-4.50) 

5.00 

(3.30-5.80) 

5.00a,x 

(3.40-5.80) 

3.50a,b 

(2.50-4.40) 

5.40a,x 

(4.50-6.00) 

4.00b 

(3.10-7.50) 

Mean pressure (mm Hg) 
1.40a,b,x 

(1.10-1.60) 

1.60a 

(1.50-1.80) 

1.30b 

(1.00-1.70) 

1.20x 

(0.90-1.30) 

1.30 

(1.00-1.80) 

1.30 

(0.90-1.70) 

Mean velocity (m s-1) 
0.53 

(0.47-0.59) 

0.51 

(0.50-0.60) 

0.53 

(0.47-0.62) 

0.51 

(0.43-0.54) 

0.50x 

(0.49-0.55) 

0.51 

(0.45-0.56) 

Systolic acceleration (m s-2) 
9.98 

(6.23-15.71) 

8.43a,x 

(7.15-9.51) 

11.17a,x 

(5.71-15.57) 

9.46 

(6.40-13.44) 

9.21 

(8.03-15.47) 

9.17 

(7.50-13.28) 

Blood input into parenchyma (mL min-1) 
539a,b 

(353-954) 

383a,x 

(367-506) 

388b 

(326-515) 

519a,b 

(444-878) 

376a,x 

(341-394) 

326 

(277-478) 

Blood input at teat (score 0-4) 
0 

(0-2) 

0x 

(0-1) 

0x 

(0-3) 

0 

(0-1) 

0 

(0-1) 

0 

(0-2) 

Before challenge: D-2 and D0; Day of challenge: D0+3 h, D0+6 h, D0+12 h (for subgroups A1 and B1) – D0+12 h (for subgroups A2 and B2); After day of 

challenge: D1, D2, D3 and D4 (D0: day of challenge). 

A1, A2, B1, B2 = subgroups (A*: ewes with increased β-hydroxybuturate blood concentration during the last stage of the preceding pregnancy, B*: ewes with no 

increased β-hydroxybuturate blood concentration during the last stage of the preceding pregnancy; *1: ewes challenged with deposition of M. haemolytica at the 

teat duct on the 5th day post-partum, *2: uninfected control ewes). 
a, b, c: significant difference between time period within parametre, subgroup and gland; m: significant difference between mammary glands within parametre, 

subgroup and time period; x: significant difference between *1/*2 subgroups within parametre, mammary gland and time period; z: significant difference between 

A*/B* subgroups within parametre, mammary gland and time period (P<0.05). 
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Table II.xiii. Quantitative results (median) of haemodynamic parametres in the external pudendal artery in the udder in ewes with one teat 

inoculated with M. haemolytica; results of the two sides of the udder are considered separately. 

 D0 D0+3 h D0+6 h D0+12 h D0 D0+3 h D0+6 h D0+12 h 

Subgroup A1 Inoculated glands Contralateral glands 

External pudendal artery diametre (cm) 0.55 0.55 0.58z 0.57 0.55 0.57 0.59 0.56 

Resistance index 0.61m 0.57 0.52m 0.55 0.58m 0.59 0.56m,z 0.56 

Pulsatility index 1.02z 0.93 0.80m,z 0.86m 1.00z 0.95 0.88m 0.91m 

Systolic:diastolic velocity ratio 2.43 2.51z 2.55m 2.48z 2.32 2.40 2.27m,z 2.32 

General pressure (mm Hg) 4.4 4.7 7.1z 7.5z 4.7 4.7 7.2z 7.5z 

Mean pressure (mm Hg) 1.9 2.1 3.3z 3.1z 1.8 2.2 3.0z 3.4z 

Mean velocity (m s-1) 0.63 0.72z 0.79m,z 0.85z 0.61 0.70z 0.70m,z 0.74z 

Systolic acceleration (m s-2) 7.75 7.94m,z 10.61 10.76 9.54 9.16m 9.54z 9.41 

Blood input into parenchyma (mL min-1) 357 435 568z 536 338 441 467z 454 

Blood flow at teat (score 0-4) 0 2m,z 3m,z 2m,z 0 1.5m,z 1m 0.5m 

Subgroup B1 Inoculated glands Contralateral glands 

External pudendal artery diametre (cm) 0.55 0.58 0.65m,z 0.53 0.54 0.55 0.58m 0.55 

Resistance index 0.62 0.59 0.49 0.56 0.62 0.57 0.50z 0.52 

Pulsatility index 1.03z 0.96 0.90z 0.93 1.16z 0.96 0.77 0.96 

Systolic:diastolic velocity ratio 2.54 2.85z 2.75 2.75z 2.65 2.62 2.67z 2.57 

General pressure (mm Hg) 3.6 4.0 5.4z 4.2z 4.1 4.5 4.1z 4.1z 

Mean pressure (mm Hg) 1.3 1.6 1.8z 1.6z 1.4 1.6 1.4z 1.4z 

Mean velocity (m s-1) 0.53 0.60m,z 0.61m,z 0.62z 0.50 0.53m,z 0.55m,z 0.60z 

Systolic acceleration (m s-2) 8.84 10.95z 13.20 10.98 9.43 11.59 12.16z 10.51 

Blood input into parenchyma (mL min-1) 476 596 737m,z 759 477 500 545m,z 544 

Blood flow at teat (score 0-4) 0 2m,z 3m,z 3m,z 0 0m 1m 0.5m 

Before challenge: D0; After challenge: D0+3 h, D0+6 h, D0+12 h. 

A1 subgroup: ewes with increased β-hydroxybuturate blood concentration during the last stage of the preceding pregnancy, B1 subgroup: ewes with no 

increased β-hydroxybuturate blood concentration during the last stage of the preceding pregnancy. 
m: significant difference between mammary glands within parametre, subgroup and sampling point; z: significant difference between subgroups within parametre, 

mammary gland and sampling point (P<0.05). 
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Pathological findings after challenge of the experimental ewes 

 

Inoculated side of the udder 

Measurement of the length of the internal teat structures after dissection of the teats of 

ewes in subgroups A1/B1 showed that the inoculum had always been deposited within the teat 

duct. 

In subgroup A1 ewes, the inoculated teats had a thickened internal lining, often hyperaemic 

or petechiaeted; the teat duct and the teat cistern were distinguishable as two separate anatomical 

structures. Histologically, there was leucocytic infiltration (neutrophils, lymphocytes, plasma cells) 

observed subepithelially in the teat. The characteristic area of hyperplastic lymphoid tissue at the 

border between teat duct and teat cistern, with lymphocytes and plasma cells, was observed in 3/8 

ewes (clinical mastitis developed in ewes in which these structures were not evident). In the 

remaining animals, accumulation of lymphocytes was evident subepithelially in the teat, but with no 

formation of lymphoid follicles (Fig. II.17.). In the mammary parenchyma, massive leucocytic 

infiltration was seen histologically; furthermore, intra-alveolar live and exhausted neutrophils, 

extravasation and destruction of epithelial cells and alveoli were evident. In ewes, in which clinical 

mastitis had developed, conspicuous haemorrhage was also noted; in ewes, from which samples 

were collected at later stages of the study (D3, D4), lymphocytes were also observed therein. 
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Figure II.17. Presence of high numbers of lymphocytes, subepithelially in the area between teat 

duct-teat cistern, but with no formation of lymphoid follicle (low magnification 10× objective, 

photograph taken on a Zeiss Axiostar photomicroscope III) (ewe with increased β-hydroxybuturate 

blood concentration during the last stage of the preceding pregnancy, subsequently challenged 

into the teat duct with M. haemolytica isolate VSM08L [subgroup A1] and euthanised on D3). 

 

 

In subgroup A2, mild macroscopic lesions were evident in two teats. Histologically, 

leucocytic infiltration was recorded occasionally. The characteristic area of hyperplastic lymphoid 

tissue at the border between teat duct and teat cistern was observed in 1/2 ewes with bacterial 

isolation from tissue samples (in the other ewe, subclinical mastitis was noted). Neutrophils were 

seen in high numbers inter- and intra-alveolarly in one ewe, with destruction of epithelial cells also 

evident at some parts of the sample. 

In subgroup B1, occasionally the inoculated teats of ewes had a hyperaemic internal lining, 

with folds, but no thickening, on the mucosa; the teat duct and the teat cistern were distinguishable 

as two separate anatomical structures. Histologically, there was marked leucocytic infiltration 
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(neutrophils, lymphocytes, plasma cells) in the teat. The characteristic area of hyperplastic 

lymphoid tissue at the border between teat duct and teat cistern, with lymphocytes and plasma 

cells (Fig. II.18.), was observed in 7/8 ewes (P=0.019, compared to respective proportion in 

subgroup A1). In the mammary parenchyma, leucocytic infiltration (neutrophils and lymphocytes), 

lysis of neutrophils, extravasation and destruction of epithelial cells were evident. 

 

Figure II.18. Hyperplastic lymphoid follicle consisting of lymphocytes and plasma cells at the 

border between the teat duct and teat cistern (low magnification 10× objective, photograph taken 

on a Zeiss Axiostar photomicroscope III) (ewe with no increased β-hydroxybuturate blood 

concentration during the last stage of the preceding pregnancy, subsequently challenged into the 

teat duct with M. haemolytica isolate VSM08L [subgroup B1] and euthanised on D3); inset 

presents the follicle at larger magnification (magnification 100× objective). 

 

 

In subgroup B2, the inoculated teats had no abnormal gross or histological findings. No 

abnormal findings were also seen in the mammary parenchyma. 
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Presence of increased β-hydroxybuturate blood concentration during the last stage of the 

preceding pregnancy was associated with increased bacteriological isolations from tissue samples 

(52% of samples from ewes with increased β-hydroxybuturate blood concentration compared to 

28% of samples from ewes with no increased β-hydroxybuturate blood concentration, P=0.025). 

More bacterial isolations were also achieved from samples from the inoculated side of challenged 

ewes than from uninoculated animals (60% and 17%, respectively, P<0.001). When comparisons 

were performed between the various subgroups, bacteria were recovered more frequently from A1 

than from B1 subgroup (P=0.008) and from A2 than from B2 subgroup (P=0.058). Details of 

isolation of M. haemolytica from tissue samples are in Table II.xiv. 

In subgroup A1, cumulative score for macroscopic and histological pathological findings in 

the inoculated teat was 18 and 23, respectively; cumulative score for histopathological findings in 

the mammary parenchyma ipsilaterally to the inoculated teat was 24. Respective figures for 

subgroup A2 were 2, 9 and 5. Respective figures for subgroup B1 were 5, 31 and 16 (P=0.025, 

P=0.05 and P=0.01, respectively, when compared to results in subgroup A1) and for subgroup B2 

were 0 in all cases (P>0.05, when compared to results in subgroup A2). In all above cases, 

maximum possible score was 32. 

There was evidence that scores for teat macroscopic lesions and for parenchyma 

histological lesions in inoculated side of ewes with increased β-hydroxybuturate blood 

concentration during the preceding pregnancy (i.e., group A) were significantly different than 

scores in the inoculated side of ewes with no increased β-hydroxybuturate blood concentration 

(i.e., group B) (P=0.02 and P<0.005, respectively), whilst scores for teat histological lesions did not 

differ significantly between the two groups (P>0.05). Moreover, all scores (teat macroscopic or 

histological lesions, parenchyma histological lesions) differed significantly between inoculated 

ewes (i.e., subgroups A1 and B1) or not (i.e., subgroups A2 and B2) (in all cases, P<0.005). 

Detailed results of pathology scoring are in Table II.xv. 
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Table II.xiv. Isolation of M. haemolytica from udder samples from ewes with one teat inoculated or not with the organism. 

 D1 D2 D3 D4 

 Α1 Α2 Β1 Β2 A1 A2 B1 B2 A1 A2 B1 B2 A1 A2 B1 B2 

Site from where isolated                 

Teat duct 2/2 0/2 2/2 0/1 2/2 0/2 2/2 0/1 2/2 1/2 2/2 0/1 1/2 1/2 1/2 0/1 

Teat cistern 1/2 0/2 0/2 0/1 2/2 0/2 1/2 0/1 2/2 1/2 1/2 0/1 2/2 1/2 1/2 0/1 

Mammary 

parenchyma 
0/2 0/2 0/2 0/1 2/2 0/2 0/2 0/1 2/2 1/2 0/2 0/1 1/2 1/2 0/2 0/1 

D1, D2, D3, D4 = days after inoculation 

A1, A2, B1, B2 = subgroups (A*: ewes with increased β-hydroxybuturate blood concentration during the last stage of the preceding pregnancy, B*: ewes with no 

increased β-hydroxybuturate blood concentration during the last stage of the preceding pregnancy; *1: ewes challenged with deposition of M. haemolytica at the 

teat duct on the 5th day post-partum, *2: uninfected control ewes). 

n/m=positive results out of total animals sampled 
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Table II.xv. Scores (median values) for pathology findings in the udder of ewes with one teat inoculated or not with Mannheimia haemolytica 

 D1 D2 D3 D4 

 Α1 Α2 Β1 Β2 A1 A2 B1 B2 A1 A2 B1 B2 A1 A2 B1 B2 

Score for 

macroscopic 

pathological 

findings in 

inoculated teat 

0.5 0.0 0.5 0.0 3.0 0.0 1.0 0.0 3.0 1.0 1.0 0.0 2.5 0.0 0.0 0.0 

Score for histo-

pathological 

findings in 

inoculated teat 

2.0 0.5 3.5 0.0 3.0 0.5 4.0 0.0 3.5 1.5 4.0 0.0 3.0 2.0 4.0 0.0 

Score for histo-

pathological 

findings in 

mammary 

parenchyma 

ipsilateral to 

inoculated teat 

1.5 0.5 1.0 0.0 4.0 0.0 2.5 0.0 3.5 1.0 3.0 0.0 3.0 1.0 1.5 0.0 

D1, D2, D3, D4 = days after inoculation 

A1, A2, B1, B2 = subgroups (A*: ewes with increased β-hydroxybuturate blood concentration during the last stage of the preceding pregnancy, B*: ewes with no 

increased β-hydroxybuturate blood concentration during the last stage of the preceding pregnancy; *1: ewes challenged with deposition of M. haemolytica at the 

teat duct on the 5th day post-partum, *2: uninfected control ewes). 
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Non-inoculated side of the udder 

In subgroup A1, M. haemolytica was isolated from the tissue sample from one ewe. 

Examination revealed diffuse neutrophilic infiltration in the mammary parenchyma (score 2). The 

sample was collected from the ewe from which bacteria had been isolated also from milk samples 

before she had been removed from the study. 

All other mammary parenchyma tissue samples from the contralateral side of the 

experimental ewes did not yield bacteria, nor were evaluated with score higher than zero. All 

statistical comparisons did not reveal any significance (P>0.3). 

Scores for histopathological findings in mammary parenchyma ipsilaterally to inoculated 

teats (i.e., subgroups A1 and B1) were significantly higher than those for findings in contralateral 

side of these animals (P=0.02). In contrast, respective scores in subgroups A2 and B2 were not 

significant (P>0.05). 
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Introduction 

 

In sheep, the last stage of pregnancy is a metabolically demanding period, hence energy 

requirements of pregnant ewes increase, as end of gestation is approaching. Peri-parturient 

relaxation of immunity occurs in many mammalian species (Houdijk et al. 2001). In sheep, the 

relaxation of immunity around the lambing period (during the last month of gestation and the first 

fortnight of lactation period) has been studied initially in the 1980s, with a view to explain the peri-

parturient rise in eggs of nematode helminthes in faeces of ewes (Armour 1980, Gibbs 1986, 

Barger 1993). This had been initially associated with increased prolactin concentrations. Fleming 

(1993, 1996) investigated the potential role of prolactin and prostaglandin F2α (two hormones, the 

concentrations of which increase at the end of pregnancy) and has found that total egg production 

by Haemonchus contortus in infected sheep increased after administration of prolactin, but not 

after administration of prostaglandin F2α, to those animals. 

Prolactin is a peptide hormone, responsible for initiating and sustaining lactation (Castro et 

al. 2011). It acts in a cytokine-like manner and as an important regulator of the immune system 

(Rovensky et al. 1991). Blood concentrations of prolactin in pregnant ewes start to increase after 

the 115th to 135th day of gestation (Banchero et al. 2006). A theory had thus been developed 

regarding a potential role of the increased prolactin blood concentrations present at the end of 

pregnancy and the beginning of a lactation period to explain reduced immunocompetence during 

those periods. However, more recently, Beasley et al. (2010a, 2010b) have reported that, in ewes 

experimentally infected with Trichostrongylus colubriformis, the rise in faecal egg counts at the end 

of pregnancy had been preceded by a decrease in the immunological competence of the ewes, as 

shown by reduced numbers of circulating eosinophils and by decreased total antibody and IgG1 

titres; changes coincided with increased prolactin concentrations at the end of pregnancy, but, 

nevertheless, the authors conceded that they were unrelated to hormonal effects; this confirmed a 

similar earlier hypothesis by Coop et al. (1990). 

In contrast, Coop and Kyriazakis (1999) have reviewed evidence supporting that the 

relaxation of immunity appeared to have a nutrition-based background and proposed a nutritional, 

rather than an endocrinological, involvement in the relaxation of immunity during that period, by 

presenting the following arguments: (i) grade of immunity expression in pregnant ewes was 

consistent with the reproductive effort, i.e., the number of foetuses borne, (ii) termination of 

pregnancy led to abrupt restoration of immunity and (iii) nutritional management of pregnant ewes 

could alter the time of first observation of the relaxation. Under conditions of high metabolic 

demand, which occur at the end of pregnancy, susceptibility of ewes to gastrointestinal parasites 
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was found to be increased (Kahn et al. 2003). Further, Beasley et al. (2012) have reported that 

ewes given a low energy diet had higher faecal epg counts than ewes fed a high quality diet.  

There is little work to study potential effects of the reduced immunocompetence of ewes 

around the lambing period in microbial infections (Caroprese et al. 2015). Post-partum genital 

infections in ewes are of limited significance, due to their small incidence risk. Hence, there has 

been little scope to explore the idea of peri-parturient relaxation of immunity in association with 

metritis. In contrast, there has been shown an increased incidence risk of mastitis in the 

immediately post-partum period, which is followed by a subsequent reduction in the frequency of 

the disease (Jones and Lanyon 1987, Fthenakis and Jones 1990a). This indicates a potential 

contributory factor of the peri-parturient relaxation of immunity in the pathogenesis of the disease. 

 

 

Definitions regarding pregnancy toxaemia 

 

Subclinical disease is an illness that does not show clinical signs and cannot be recognised 

based on clinical evidence alone. A subclinical problem may be the early stage of a clinical 

disease or, alternatively, a very mild form of an established disease that does not produce clinical 

signs. Nevertheless, subclinical diseases are of importance, because they adversely influence the 

productivity of affected animals; for example, in sheep, gastrointestinal trichostrongylid parasitic 

infections cause a significant adverse effect in milk production or growth of parasitised animals 

(Fthenakis et al. 2015), although affected animals do not always show clinical signs relevant to 

those infections. Further, subclinical diseases may predispose animals to increased susceptibility 

to other diseases; for example, in sheep, Mycoplasma ovipneumoniae or Parainfluenza virus type 

3 may cause subclinical respiratory infections, which predispose affected animals to severe 

Mannheimia haemolytica-associated pneumonia (Sharp and Nettleton 2007, Nicholas et al. 2008). 

A subclinical infection can be identified by the detection of the causal organism (or its 

genetic material or its progeny) by using the appropriate laboratory technique, e.g., detection of 

Bluetongue Virus RNA in blood samples from sheep with no relevant clinical signs indicates 

subclinical disease. Nevertheless, infection may not always be equivalent to subclinical disease; 

for example, in sheep, diagnosis of subclinical mastitis is based upon simultaneous isolation of 

bacteria at increased numbers (usually >10 colony-forming-units in a standard 0.05 mL sample of 

milk) coupled with detection of increased somatic cell counts in milk, which are indicative of the 

animal’s inflammatory response (Fragkou et al. 2014). It thus becomes evident that identification 

of a subclinical infection is based on tangible criteria, which include identification of the causative 
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organism (or its genetic material, e.g. viral RNA, or its progeny, e.g., eggs or larvae of parasites) 

and/or detection of the consequences of infection (e.g., inflammatory reaction). 

In contrast, there may be some hinderance in the identification of subclinical problems of 

metabolic nature. In such cases, identification might be based in the results of biochemical tests 

in, for example, blood samples, which indicate that findings regarding specific parametres are 

outside the respective reference range. In such cases, there may be a question of validity of the 

findings, given that reference ranges of biochemical parametres can be influenced by a variety of 

factors, e.g., age, reproductive status or even breed of animals (Roger 2008). This limitation may 

be overcome by employing tests, which confirm changes in the function of the organism. For 

example, in sheep, the results of measurement of glutathione peroxidase enzymes GPx1, GPx2, 

GPx3 and GPx4 blood conentrations indicate the improper metabolism of selenium, hence this can 

be a more accurate test for diagnosis of selenium deficiency than measurement of selenium blood 

concentrations (Anderson et al. 1979, Jelinek et al. 1985); further, in dogs, the results of the 

glucose tolerance test indicate the inability of an animal to properly metabolise glucose, hence this 

can be a more accurate test for diagnosis of diabetes than measurement of glucose blood 

concentrations (Wang et al. 2013). 

The term ‘subclinical pregnancy toxaemia’ has been used infrequently, but increasingly in 

recent years (Ismail et al. 2008, Balikci et al. 2009, Gurdogan et al. 2014, Temizel et al. 2015). 

Nevertheless, not all those authors have provided adequate evidence of, additionally to increased 

β-hydroxybutyrate blood concentrations, presence of changes indicative of functional alterations in 

the affected animals. Concurrently with increased β-hydroxybutyrate blood concentrations, only 

Balikci et al. (2009) and Gurdogan et al. (2014) have indicated increased concentrations of the 

enzymes aspartate transaminase and alanine transaminase and of acute phase proteins 

(haptoglobin and serum amyloid A), respectively, in the blood of ewes with ‘subclinical pregnancy 

toxaemia’. These findings indicate a functional disorder (liver damage and stress), as the result of 

reduced energy intake during the final stage of gestation, and confirmed that animals were indeed 

affected, that way supporting use of the term ‘subclinical pregnancy toxaemia’. Possibly, other 

parametres might also be included in the definition of the disorder, e.g. blood concentration of 

non-esterified fatty-acids. 

There may be however an entirely different approach, taken from a purely linguistic 

viewpoint. The word ‘toxaemia’ derives from the Greek word ‘τοξιναιμία’, meaning ‘toxins in the 

blood’, in this context ketone bodies (primarily β-hydroxybutyrate and in smaller quantities 

acetoacetate). Hence, any animal with increased blood concentration of β-hydroxybutyrate 

(independently of presence of clinical signs) would be considered with pregnancy toxaemia and 
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should be further characterised ‘with relevant clinical signs’ or ‘with no clinical signs’. This 

approach does not involve use of the term ‘subclinical pregnancy toxaemia’, because the disorder 

is characterised based only on the increased blood concentration of β-hydroxybutyrate, as per its 

name. 

Nevertheless, in both cases, the β-hydroxybutyrate blood concentration threshold defining 

the condition (‘subclinical pregnancy toxaemia’ or ‘pregnancy toxaemia’) remains undetermined. 

Currently, the value of 1.2 mmol L-1 is the threshold indicating ewes at risk to develop clinical signs 

associated with the disease; this has been defined some years ago and is still being used in 

establishing measures to prevent clinical cases of the disease in a flock (Sargison 2008, Brozos et 

al. 2011). However, it has not been validated as a threshold defining ‘subclinical pregnancy 

toxaemia’, although many authors have used it as such to define that condition. 

In their works, Balikci et al. (2009) and Gurdogan et al. (2014) have reported that the value 

of 1.2 mmol L-1 was the one above which concentrations of liver function-related enzymes and 

acute phase proteins, respectively, were found increased. This indicates that when values of β-

hydroxybutyrate blood concentration are above that threshold, functional changes occur in the 

animal. It thus seems that the above value can be a possible measure for defining ‘subclinical 

pregnancy toxaemia’ or ‘pregnancy toxaemia with no clinical signs’. 

In relevant reports dealing with ketosis in cows, values in the range of 1.1 mmol L-1 to 1.6 

mmol L-1 have been used to define ‘subclinical ketosis’, although results may be influenced by a 

variety of factors, e.g., the measurement technique, the vein from which sample was collected, the 

blood fraction (whole blood, serum, plasma) or even the ambient temperature (Kanz et al. 2015, 

McCarthy et al. 2015, Sun et al. 2015). 

Although there are significant differences between sheep and cattle in genetic diversity, 

physiology and management practices, there is some scope in taking into account the findings 

from cows, given the scarcity of results from work performed specifically in ewes. The few results 

of work performed in ewes allied to the findings in cows support use of 1.2 mmol L-1 as threshold 

to define ‘subclinical pregnancy toxaemia’ or ‘pregnancy toxaemia with no clinical signs’. However, 

given the importance of the issue and the significant variance that has been reported in reference 

values in sheep for blood biochemical parametres, further work would be necessary before a 

widely accepted threshold value could be fully established. 

For the purposes of this discussion, the term ‘pregnancy toxaemia’ is used to denote 

increased (i.e., >1.2 mmol L-1) β-hydroxybutyrate blood concentration in ewes at the end of 

pregnancy. The terms ‘subclinical pregnancy toxaemia’ and ‘pregnancy toxaemia with no clinical 

signs’ are used interchangeably, as in reality there is no difference between them. The term 
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‘clinical pregnancy toxaemia’ is not employed, as the term ‘pregnancy toxaemia with relevant 

clinical signs’ has been considered more appropriate. 

 

 

The experimental model used for induction of pregnancy toxaemia 

 

The model used for induction of pregnancy toxaemia was based in providing to animals a 

feed with reduced energy content during the last one-a-half months of pregnancy. The results 

indicate that the model was successful for induction of the disease. Its advantage is the fulfillment 

of satiation requirements of animals. Moreover, the adverse circumstances were introduced 

progressively, which resembles closely to development of the pathological condition in the field; 

that way, consequences of the problem would be similar to those occurring under clinical 

circumstances. In recent papers, Cal-Pereyra et al. (2015a, 2015b) have described a model for 

induction of pregnancy toxaemia, in which animals had been completely starved for a week; that 

approach would not be acceptable on welfare grounds. Moreover, parasitism of animals by 

gastrointestinal trichostrongylids, which reduce energy availability in sheep, has contributed to 

successful development of the model. 

The model is characterised by repeatability, as in a subsequent study (not part of this 

thesis) the disease has been successfully reproduced (Ioannidi et al. 2015). The disease would be 

more severe in cases of heavy parasitic infections, as parasites increase the energy requirements 

of their hosts (Coop et al. 1977, Dakkak 1990), that way parasitism directly predisposing to 

pregnancy toxaemia (Papadopoulos et al. 2013). 

Of the animals that were provided with the experimental diet, 57% were found with 

increased blood concentrations of β-hydroxybutyrate during the last 15 days of pregnancy. Repeat 

detection of blood concentrations of β-hydroxybutyrate >1.2 mmol L-1 was used to consider that 

animals had developed the disease, as β-hydroxybutyrate blood concentration may fluctuate 

during the last stage of gestation, with intermittent increases of the parametre as the result of 

transient effects (e.g., temporary anorexia of an animal). At the end, only 25% of ewes with 

pregnancy toxaemia (14% of all ewes into the study) developed relevant clinical signs. 

There were differences between animals in their response to reduced energy 

administration during the last stage of pregnancy. Ewes bearing two or more foetuses were more 

likely to develop pregnancy toxaemia; increased number of foetuses is an established risk factor 

for the disease. From the viewpoint of development of the model, one may obtain a higher 

proportion of animals with the disease if one uses a more prolific breed of sheep. Alternatively, 
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administration of equine chorionic gonadotrophin at varying doses (200-500 IU, depending on 

season, latitude and breed of animals) will lead to increased ovulation rates (Abecia et al. 2011, 

2012), therefore increased proportion of animals would develop the disease. Nevertheless, 

animals that would not develop disease may be used as potential controls in a planned 

experimental work. 

The reverse correlation between β-hydroxybutyrate blood concentrations in pregnant 

females and birth bodyweights of lambs is in accord with the traditional view that ewes with 

pregnancy toxaemia usually produce lambs with suboptimal bodyweight at birth (Andrews 1997). 

Moreover, the reverse correlation between faecal epg counts and birth bodyweight of lambs 

indicates the energy drain caused by the helminthes, which was reflected in reduced energy 

availability for foetuses, subsequently born with a suboptimal weight. In a previous study, 

Fthenakis et al. (2005) have highlighted the beneficial effects of anthelmintic administration during 

the last stage of pregnancy in the subsequent birth bodyweight of lambs of treated ewes. The 

results indicate the adverse effects of nematode helminthes in ewes during the last stage of 

pregnancy (i.e., pregnancy toxaemia and reduced birth bodyweight of newborn lambs) and support 

the recommendation for anthelmintic treatment of ewes during the last stage of pregnancy 

(Fthenakis et al. 2012). 

 

 

Doppler ultrasonographic examination of the foetus 

 

The results of ultrasonographic examination of the foetus indicated clearly that reduced 

volume of blood was entering into foetuses of ewes with pregnancy toxaemia throughout the last 

stage of gestation. However, differences in other haemodynamic parametres were not significant, 

which does not support a hypothesis for a strong effect of pregnancy toxaemia in the 

haemodynamic parametres (bar blood input) (unless results obtained on the last two examinations 

points would be considered together, i.e., the number of observations would be increased and also 

the statistical power of the study). 

Nevertheless, findings in the present study are not in full accord with previous ones 

recorded in work performed in healthy individuals. Makikallio et al. (2006) have indicated that 

mean resistance index in the umbilical artery of sheep was 0.80 (on P130, results of present study: 

0.68 and 0.68 for group A and B, respectively). Further, Galan et al. (2005) have reported that 

mean pulsatility rate was 0.94 (on P130, results of present study: 1.23 and 1.18 for group A and B, 

respectively) and mean systolic:diastolic velocity ratio was 2.28 (on P130, results of present study: 
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3.98 and 3.17 for group A and B, respectively). In this respect, it should be noted that, in general, 

there is little agreement between studies in results of haemodynamic parametres in sheep; for 

example, Locatelli et al. (2011), Dominguez et al. (2013), Poser et al. (2013) and Acorda and 

Pajas (2015) have all performed echocardiographic examination in sheep and have presented 

varying values for similar parametres; this has led researchers to suggest that in such studies 

comparisons should be made within the experiment (i.e., with control animals) and within the 

experimental animals (i.e., with values obtained before treatment) rather than with results of other 

studies. Different experimental conditions and/or methodological approaches may be decisive 

factors for these discrepancies between studies, although the animal species itself, given that over 

400 breeds of domestic sheep (Ovis aries) are available worldwide, might also be of significance. 

To note that also proposed reference ranges for haematological values in healthy sheep differ 

among researchers (Kramer 2000, Martin and Aitken 2000, Roger 2008), indicating further 

disaccord in standardising results of parametres of the cardiovascular system in this species. 

The present findings indicate the effort undertaken by ewes with pregnancy toxaemia to 

increase blood input into the umbilical artery, in an attempt to provide foetuses with the necessary 

blood volume. Seemingly however, that compensatory mechanism was not fully successful. 

Although size of foetuses (as evidenced by results of measurement of abdominal diametre) was 

not found to be different between the two groups, birth bodyweights differed significantly between 

them, with lambs born from group B ewes being heavier than those from group A animals. The 

suboptimal birth bodyweight might reflect suboptimal growth of the heart (Han et al. 2004, Bubb et 

al. 2007), the lungs (Lipsett et al. 2006) and/or the pancreas (Dumortier et al. 2007). There is 

indirect evidence for a suboptimal growth of the heart, as changes in the pulsatility index or the 

resistance index in the umbilical artery have been found to be the result of significant changes in 

the heart of foetuses (Morrow et al. 1993, Olofsson et al. 2004), although vasoconstrictor drugs or 

placental embolisation (Adamson et al. 1990, Adamson 1999), as well as foetus-dependent factors 

(e.g., cardiac contractility, breathing movements, vessel elasticity) (Divon 1993), might have also 

accounted for changes in haemodynamic parametres. A potential suboptimal development of 

these organs might have led further to structural changes and impaired function in them, which 

would not have supported life or would have rendered newborns susceptible to infections (Gao et 

al. 2014). Further, hypoxia due to the reduced volume of blood transported into foetuses could 

have also been established. These factors would have contributed to increased mortality of 

foetuses at end of pregnancy and of newborn lambs soon after birth. 

Embryos/foetuses are, in general, ‘programmed’ to live into the environment of their early 

life, to survive the neonatal period and to adopt a predictive adaptive response (Gluckman and 
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Hanson 2004, 2006). However, if pregnant females would be exposed to severe undernutrition, 

blood concentrations of growth factors might be affected and, consequently, intrauterine growth 

(Bloomfield at al. 2013); this adverse effect during intrauterine life may ensue various changes 

(often permanent) in the foetus and the offspring to be manifested after birth (Barker et al. 1989). 

Hea and Wua (2013) have indicated that effects of malnutrition of pregnant females during vital 

periods of intrauterine development might lead in reduction of growth of organs of 

embryos/foetuses borne by these females. Further, diet given to pregnant females might lead in 

epigenetic changes (DNA methylation) and modification of gene expression, resulting in changes 

in cell structure and function and, ultimately, in morphological and/or functional changes in tissues 

and/or organs of embryos/foetuses (Langley-Evans 2004). These may have effect(s) in various 

systems of newborns, including the immune system (Langley-Evans et al. 2003, Palmer 2011, 

Bloomfield at al. 2013). Merlot et al. (2008) have summarised the effects of stressful situations for 

pregnant females and indicated that such effects might have long-term consequences in the 

physiology and disease risk of their offspring; one may possibly include suboptimal nutrition of 

pregnant females as such a potentially stressful situation. 

When a different allocation of ewes into groups was performed, with ewes into the study 

regrouped into animals that developed or did not develop dystocia, significant differences were 

evident in all haemodynamic parametres. By means of this transformation, it became evident that 

the statistical power of the study became strong enough and, even with a smaller number of 

observations, the findings indicated a clear difference between the two categories of ewes in the 

effect of pregnancy toxaemia in the haemodynamic parametres. Obviously, animals which later 

developed dystocia, had increasing alterations in haemodynamics in the umbilical artery. In these 

animals, foetal and/or newborn death were also recorded, which indicates that in these ewes 

haemodynamic changes were so grave that could not be regulated by the pregnant animal. 

In view of all the above, two points need further consideration. First, results of 

haemodynamic parametres proposed by previous workers (Galan et al. 2005, Makikallio et al. 

2006) as reference values for haemodynamic parametres in the umbilical artery need to be 

reconsidered, especially in view of the general uncertainty in reference values in sheep (even for 

more commonly used parametres, e.g., haematological parametres), as pregnant ewes seem to 

develop compensatory mechanisms to counter-balance adverse effects. Second, results of 

Doppler examination of the umbilical artery in ewes with pregnancy toxaemia may be of value in 

developing a predictive model for ewes to be considered at risk to developing dystocia and/or with 

a risk for death of their foetus/newborn lamb; perhaps, this technique may be used to establish 
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viability of foetuses, which would then guide towards the appropriate therapeutic strategy, i.e., 

caesarean section or induction of lambing (Brozos et al. 2011). 

 

 

Ultrasonographic examination of the mammary glands during lactogenesis 

 

During the study, B-mode and Doppler ultrasonographic patterns of the mammary gland of 

ewes during lactogenesis have been described. The study presented relevant findings in healthy 

ewes, as well as in ewes with pregnancy toxaemia. Changes in ultrasonographic appearance of 

the mammary parenchyma can reflect histological changes, which occur at the end of pregnancy, 

as the mammary gland prepares for the impending lactation. 

Three fields were adequate to receive a representative ultrasonographic image of the 

mammary parenchyma. During the examination, anatomical structures of the mammary gland (as 

these did not change during the study) rather than dimensions (which changed as mammary 

development progressed) were used. Further, ultrasonographic examination by means of the 

Doppler technique was useful for measurement of the blood flow in the ovine mammary gland 

(Christensen et al. 1989, Piccione et al. 2004, Petridis et al. 2014). 

The changes in intensity values of grey-scale appearance of ultrasonographic images of 

mammary parenchyma during the last stage of pregnancy indicated a progressively increasing 

echogenicity. This could be attributed to increasing numbers of mammary epithelial cells, 

compatible with the lactogenesis process taking place at that time. Remodelling of the extracellular 

matrix of the mammary gland takes place at that time, which results in increase of alveolar tissue 

and reduction of stromal tissue in the mammary parenchyma (Akers et al. 2006). These changes 

could be reflected in the intensity values of grey-scale imaging of the mammary tissue. 

After lambing, a sharp reduction of echogenicity in the mammary parenchyma of ewes in 

both groups was observed. This, obviously, was the result of milk (a hypoechogenic material) 

present in large volumes into the mammary alveoli, ductal system and cistern, as lactation started. 

Presence of increased quantity of lacteal secretion in the mammary gland of healthy ewes 

could also be the reason for the reduced echogenicity of these mammary glands, compared to that 

in the mammary glands of ewes with pregnancy toxaemia. This difference was significant and 

continued after lambing, when presence of increased quantity of milk in the mammary gland of 

healthy ewes (compared to that in ewes which had pregnancy toxaemia) was further corroborated 

by the established greater milk quantity collected from healthy ewes. These findings are consistent 

with the documented smaller milk quantity of ewes with pregnancy toxaemia at their subsequent 
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lactation period (Andrews 1997, Meyer et al. 2011), as efficient lactogenesis is dependent on 

appropriate nutrition during the last stage of pregnancy (Castro et al. 2011). Moreover, blood 

glucose concentrations have been associated with milk production (McNeill et al. 1998) and similar 

findings were evident in the present study, as group A ewes had significantly smaller blood 

glucose concentrations during the last stage of pregnancy and smaller milk yields immediately 

after lambing. 

Along with the mammary parenchyma, the blood vessels of the gland also develop during 

the final stage of pregnancy. Increase of the diametre of the external pudendal artery further 

contributes to the greater amount of blood transferred to the mammary gland. Development of 

blood vessels in the udder is controlled by hormones, which stimulate growth of the mammary 

parenchyma, e.g. oestrogens and progesterone (Tucker 1981). This is further supported by the 

progressively decreasing blood concentrations of vasoconstrictor hormones (e.g., adrenaline, 

noradrenaline) during late pregnancy (Greiss 1972, Rosenfeld et al. 1976, Natrajan et al. 1982, 

Cvek 1997). 

Doppler ultrasonographic indices and parametres also pointed out to the progressively 

increasing blood perfusion in the udder as lactogenesis advanced. During the last stage of 

pregnancy, blood is required for the synthesis of milk, as it carries precursors of milk constituents 

to the mammary gland and, hence, blood flow progressively increases as lactogenesis advances. 

Increasing blood volumes provide stronger signals for Doppler spectrum analysis, because of the 

greater number of moving erythrocytes (Widder and Goertler 2004). 

The results have also indicated that blood input into the udder of ewes with pregnancy 

toxaemia was significantly smaller than into the udder of healthy ewes. Increased blood input into 

the mammary gland has been found to lead to increased milk yield (Linzell 1960, 1974, Kronfeld et 

al. 1968, Davis and Collier 1985). Further, Lough et al. (1990) have identified increased energy 

provision with feed as a factor for increased mammary blood input. In the present study, the 

reverse aspect of the same phenomenon (i.e., reduced mammary blood flow consequently to 

reduced energy provision with feed) has been identified. 

Smaller blood input (Doppler findings) in ewes, which had received reduced amount of 

energy during pregnancy, might have potentially resulted in smaller amount of epithelial cells in 

their mammary glands (B-mode findings) of these ewes. Further, smaller blood input may lead to 

reduced oxygen availability at alveolar level, with reduced oxygen transfer at mammary alveoli, as 

has been reported in lactating cows (Neary and Garry 2014); this may have further contributed to 

the reduced milk production by the experimental ewes. 
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Blood input appeared as the most accurate haemodynamic index for identification of 

differences between the two groups of animals (as was also the case in haemodynamic 

parametres in the umbilical artery). Low mean velocity of blood in large vessels has been 

correlated with increased blood input into the mammary gland of women (Madjar and Mendelson 

2008), something also observed in healthy ewes at the end of pregnancy; it has been suggested 

that the finding indicates mammary glands with no potential abnormalities (Madjar and Mendelson 

2008), which in the present study was confirmed by the lack of clinical abnormalities and bacterial 

isolations from milk samples. Pulsatility index also became of significance at the end of pregnancy, 

when differences in blood input into the udder further increased, indicating the increased cardiac 

output, hence increased blood flow to the udder of healthy ewes; low pulsatility index suggests 

compensatory distal vasodilatation following reduced volume of blood perfusion (Rajajee et al. 

2012), as in the ewes with pregnancy toxaemia. In fact, after lambing, approximately 15% of total 

cardiac output is directed to the udder (Linzell 1974, Olsson et al. 1998, Svennersten-Sjaunja and 

Olsson 2005). Increased blood demand in the udder during lactation (Braun and Forster 2012) 

puts a tremendous burden on and affects the entire circulatory system of the animal (Gürtler and 

Schweigert 2005). As start of lactation was imminent, in ewes with pregnancy toxaemia, which had 

a smaller milk production, cardiac output (as shown in pulsatility rates just before lambing) was 

smaller than in healthy ewes. This becomes evident if the results of blood input into the mammary 

glands are allied to those of the blood input into the foetus. Possibly, reduction of antioxidant 

agents and increase of free radicals occurring in cases of hyperketonaemia (Jain et al. 1998, 

Sahoo et al. 2009) might lead to fatigue of the myocardial muscle (as shown by the increased 

blood concentration of cardiac troponin I; Tharwat et al. 2012), which in turn would result to 

decreased blood output. In this respect, Reksen et al. (2002) have found that in cows receiving 

high energy diets, blood flows were in general higher more increased in animals with smaller 

energy intakes. Finally, a case of cardiac failure has been described in a patient with ketosis 

(Diltoer et al. 2004). 

Other haemodynamic indices take into account vascular effects, which are influenced by 

locally produced vasoregulators (Prosser et al. 1996). As there were differences in the amount of 

mammary tissue between ewes into group A or B, possibly there was also a different rate of 

production of these, which would have resulted in lack of significant differences in those indices 

between the two groups. In fact, some local (i.e., mammary) regulation of blood input into the 

udder has been reported by Cieslar et al. (2014). 
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Peri-parturient problems in ewes with pregnancy toxaemia 

 

The most common reasons for dystocia in ewes are incomplete dilatation of the cervix, 

malpresentation of the foetus(es) and foetal oversize (Hindson and Winter 2007). For example, 

Thomas (1990) reported that over 50% of dystocia cases in ewes were postural defects of the 

foetus, whilst Sobiraj (1994), Kloss et al. (2002) and Lopes Camara et al. (2009) diagnosed 

ringwomb as the main reason for dystocia. Uterine inertia is a rare cause of dystocia in ewes; the 

main stage of labour in that species is completed usually within 45 to 60 minutes and in any case 

within 2 hours (Noakes 1996). 

In this study, appropriate treatment of the clinical signs relevant to pregnancy toxaemia had 

been initiated as soon as detected (Brozos et al. 2011). For treatment, propylene glycol was given 

per os and, occasionally, glucose was administered intravenously (Brozos et al. 2011). Hence, 

manifestations of the disease subsided and it has become possible to record clinical 

consequences of the disease at the peri-parturient period. 

Ewes in group A (i.e., with pregnancy toxaemia) developed often expulsive deficiency, 

possibly as the consequence of uterine inertia. This might have been the effect of inadequate 

endocrinological mechanisms leading to parturition, due tο the impaired stimulation of the foetal 

hypothalamo-pituitary-adrenocortical axis consequently to the undernutrition of the pregnant ewes 

(Edwards and McMillen 2002) and/or to the shorter duration of gestation recorded in the ewes with 

pregnany toxaemia. Further, subclinical hypocalcaemia, which often occurs in association with 

pregnancy toxaemia (Brozos et al. 2011), as the result of feeding an incorrect ration, could have 

also led in uterine inertia; Ca2+ ions / calmodulin are important factors for regulating and promoting 

action of myosin light-chain kinase, which acts in the phosphorylation of myosine ATPase causing 

contraction of the myometrium (Noakes 1996). It is noteworthy that cows with fatty liver (also a 

feature in pregnancy toxaemia in ewes) have been found to have increased incidence of dystocia 

(Bobe et al. 2004). 

Possibly, increased incidence of perinatal mortality in offspring of ewes with pregnancy 

toxaemia could have been the effect of reduced intrauterine growth, as the consequence of 

reduced energy availability in those ewes (group A), which was shown after lambing with the 

smaller birth bodyweights. Of course, reduced quantity of colostrum present in ewes which had 

developed pregnancy toxaemia (Andrews 1997), therefore inadequate intake by newborns, 

ultimately leading in inadequate protection of lambs, might have also contributed to neonatal 

mortality of lambs of these ewes. 
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One should also take into account that lambs born from ewes with pregnancy toxaemia 

had inadequate passive immunity, which depends on concentrations of immunoglobulins in 

colostrum (McGuirk and Collins 2004) and on absorptive capacity of the gut of newborns. Survival 

of newborns depends on quantity and quality of colostrum received during the first hours of life 

(Greenwood et al. 2000). In pregnant female animals, lactogenesis (which includes 

colostrogenesis) takes place for some weeks before parturition; hence, nutrition of females during 

the last stage of their pregnancy is important for quality and quantity of colostrum to be produced 

(Brandon et al. 1971a, 1971b, Miranda et al. 1983). Ewes that had received a correct nutritional 

regime during the final stage of pregnancy, have been found to produce greater quantities of 

colostrum (Mellor and Murray 1985, Swanson et al. 2008) with increased IgG content (Swanson et 

al. 2008) compared with malnourished animals. The ultrasonographic findings of the examination 

of the udder during pregnancy have supported a hypothesis that in ewes with subclinical 

pregnancy toxaemia smaller numbers of mammary epithelial cells had developed, which led in 

production of smaller amount of milk (including colostrum) during the lactation period. 

Apart from immunoglobulins, colostrum also provides antioxidants (Przybylska et al. 2007), 

defence cells (including macrophages) and lipids and proteins that are easily oxidised and 

contribute to the function of various antibacterial systems. However, colostrum itself is a source of 

oxidation-reduction reactions (Kankofer and Lipko-Przybylska 2008) and the immunoglobulins 

contained therein are molecules with high susceptibility to peroxidation (Margiloff et al. 1998). In 

colostrum with increased IgG concentrations, antioxidants may be consumed in an attempt to 

protect the antibodies, which might explain the negative correlation between antioxidants and IgG 

found in colostrum (Abuelo et al. 2014). This could be allied to the findings of Kamada et al. 

(2007), who have indicated that colostrum supplementation with selenium (a confirmed 

antioxidant) increased IgG absorption. On the other hand, cortisol produced by the foetus, which 

plays a role in onset of parturition (Eliot et al. 1981), accounts for the increased absorptive 

capacity of the intestinal epithelium in the first hours of life of newborns (Bate et al. 1991). After 

birth, as blood concentrations of cortisol decrease, the absorptive capacity of the gut of newborns 

also decreases (Bate et al. 1991; Fowden et al. 1998). Hence, stressful situations before or during 

parturition might lead in irregular increases in glucocorticoid blood concentrations, which might 

play a role in modifying the duration of the absorptive capacity of the gut of newborns during early 

life, possibly resulting in reduced immunoglobulin absorption and consequent inadequate 

protection of the newborns, as might have occurred in this work. 

Expulsive deficiency during the process of labour would have contributed to slow post-

partum discharge of material from the uterus, leading to accumulation of fluids and debris into the 
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uterine cavity. This is a risk factor for development of metritis, as it would provide a substrate for 

significant bacterial growth (Noakes 1996). Further, the increased incidence of metritis could have 

been a result of reduced immunocompetence of ewes that had previously developed pregnancy 

toxaemia (Lacetera et al. 2005), as the documented consequence of reduced energy availability, 

e.g., by causing decreased defensive activity of neutrophils (Sartorelli et al. 1999). Ketosis is also 

a confirmed risk factor for metritis in cows (Mee et al. 2014, Raboisson et al. 2014), whilst 

Suriyasathaporn et al. (2000) have presented an association between reduced energy balance 

and impaired leucocyte function in humans. Further, a direct role of β-hydroxybutyrate in leucocytic 

response in ketonaemic cows has been detected and can be responsible for the reduced 

defensive abilities of affected animals. 

As leucocytes are also involved in the process of detachment of foetal membranes 

immediately after expulsion of the foetus, their reduced numbers or impaired function in ewes with 

pregnancy toxaemia might have contributed to development of retention of foetal membranes in 

one ewe. The disorder has a really small incidence risk in ewes (Fthenakis et al. 2000). In cows, 

an association between reduced energy intake in late gestation and retention of foetal membranes 

has already been documented (Curtis et al. 1985, Gerloff et al. 1993, Kaneene et al. 1997). It is 

also noteworthy that Reid (1968) has mentioned that the metabolic disturbances associated with 

energy deficiency in pregnant ewes had effects in protein metabolism; this could in turn affect the 

enzymatic pathways leading to proteolysis of the cotyledons and consequently to retention of 

foetal membranes. 

 

 

Association of pregnancy toxaemia with mastitis during the subsequent 

lactation period 

 

The results confirmed that subclinical pregnancy toxaemia could predispose ewes to 

mastitis in the immediately post-partum period. Previous field studies have described increased 

mastitis incidence in ewes in the immediately post-partum period (Jones and Lanyon 1987, 

Fthenakis and Jones 1990a), which had been attributed to increased stocking rates during that 

period. Although there may be some merit in that hypothesis, the possibility for a role of the peri-

parturient reduction of immunity cannot be ruled out. To note that the hypothesis was proposed in 

the mid-1980’s (Jones 1985), at which time the peri-parturient relaxation of immunity had not been 

adequately described. Increased sucking frequency by newborn lambs at that period (Gougoulis et 
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al. 2007) would contribute to increased chances of bacterial transmission during that period from 

the sucking lamb(s) to their dam(s) (Fragkou et al. 2011), which, coupled to the reduced defensive 

ability of the post-parturient ewe, would lead to increased mastitis incidence risk. 

Deposition of Mannheimia haemolytica into the teat duct of healthy ewes has been found to 

result to subclinical mastitis or to expulsion of bacteria after a short period. Mavrogianni et al. 

(2005) and Fragkou et al. (2010) have documented the defensive ability of the teat and have 

attributed that to the lymphoid follicles present at the border between teat duct and teat cistern of 

ewes. In contrast, in cases with depleted local teat defences (e.g., Orf virus infection, chapped 

teats), clinical mastitis developed after deposition of bacteria at the same site (Mavrogianni et al. 

2006b; Fragkou et al. 2011). Similar findings have been recorded in the present study, where 

deposition of M. haemolytica into the teat duct resulted in significantly more cases of mastitis 

(subgroup A1 ewes versus subgroup B1 ewes). Moreover, one case of spontaneous subclinical 

mastitis has been recorded in ewes with pregnancy toxaemia that had not been challenged 

(subgroup A2); this indicates that the disease, likely, originated as the result of casual infection 

and depleted defensive abilities of the ewe occurring simultaneously. 

In this study, the characteristic lymphoid structures at the border between teat duct – teat 

cistern have been observed in significantly less ewes with pregnancy toxaemia (subgroup A1) than 

in ewes with no increased β-hydroxybutyrate blood concentrations (subgroup B1) after bacterial 

deposition into the teat. These structures have a confirmed protective role against pathogens 

invading the teat (Mavrogianni et al. 2005, Fragkou et al. 2010), whilst their absence or functional 

impairment may lead to development of mastitis (Mavrogianni et al. 2006b, Fragkou et al. 2007). 

Pregnancy toxaemia involves disturbances in liver metabolism and can affect hepatic 

function. In turn, this may affect defences of the ewes. Wentink et al. (1997) reported that cows 

with hepatic lesions had decreased ability of proliferation of lymphocytes, possibly as the result of 

changes in cell membranes based on the alterations of cellular metabolism. Further, Lacetera et 

al. (2005) found that such cows had a marked immunosuppression due to impaired lymphocyte 

function. 

Increased blood concentrations of β-hydroxybutyrate have been found to impair the 

leucocytic response in the mammary gland, e.g., by causing an inhibitory effect on the respiratory 

burst activity of neutrophils, by impeding generation of superoxide anions (Hoeben et al. 1997) or 

by suppressing formation of extracellular traps, causing impaired pathogen killing (Grinberg et al. 

2008). Further, increased ketone body blood concentrations have been found to reduce efficacy of 

lymphocytes in cows (Franklin et al. 1991), whilst lymphocytes of ketonaemic animals had reduced 

mitogenic responses than lymphocytes of healthy cows (Kandefer-Szerszen et al. 1992). These 
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findings can be allied to the impaired function of lymphoid follicles in the teat of the inoculated 

ewes. 

Further studies have shown that increased concentrations of β-hydroxybutyrate might 

impede other facets of leucocytic response in cases of bacterial invasion into the mammary gland. 

Suriyasathaporn et al. (1999) reported that leucocytes from ketotic cows had lower chemotactic 

ability than those from healthy animals. Sartorelli et al. (1999), who worked specifically in ewes, 

have shown that increased concentrations of β-hydroxybutyrate could adversely affect particle 

uptake by neutrophils. This can support bacterial invasion into the mammary parenchyma and 

development of mastitic lesions as documented in our case. 

Other mechanisms may also be implicated in the compromise of mammary defences. For 

example, work performed in samples from the experimental ewes (subgroup A1) has indicated 

modified concentrations of cytokines immediately after lambing (this work is not a part of the 

thesis). This can be another mechanism contributing in pregnancy toxaemia predisposing ewes to 

of mastitis, as it has been well-documented that cytokine production is a significant defence 

mechanism of animals after intramammary infection (Sordillo and Babiuk 1991a, 1991b, Sordillo et 

al. 1991, Daley et al. 1993). Ketonaemic cows have been found with smaller amounts of 

interferons than normal animals (Kandefer-Szerszen et al. 1992), reduced quantities of which 

might inhibit animals to mount an effective defence response. 

The observed increase of blood input into the mammary gland can be explained by the 

principles of inflammation. During pathogen invasion, there is a marked dilatation of arterioles, 

capillaries and venules, leading to transudation and hyperaemia (Meurer and Wolf 1999). Hence, 

an increased volume of blood moves into the mammary gland. This influx was first recorded 3 

hours after deposition of bacteria into the teat duct and became maximum 3 hours later (i.e., 6 

hours after initial challenge). In the literature, there are differences regarding timing of first 

increase of blood input into the mammary gland (Dhondt et al. 1977a, 1977b, Thivierge et al. 

2000, Delamaire and Guinard-Flament 2006, Potapow 2010). However, the results are not always 

directly comparable, as differing antigenic stimuli (e.g., lipopolysaccharide, whole bacterial cells) or 

challenge sites (e.g., mammary parenchyma, mammary cistern, duct cistern) have been used by 

different workers. Further, varying ultrasonographic techniques have been used, which further 

increase difficulty in comparing results; for example, Potapow (2010) used transrectal 

ultrasonography to evaluate blood input into the pudendoepigastric trunk. Finally, objectives of 

previous works were directed more towards diagnosis of the disease, whilst interest in the present 

study was to elucidating its pathogenesis. 
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In ewes with pregnancy toxaemia at the final stage of preceding pregnancy (subgroup A1), 

blood input after challenge was significantly less than in ewes in subgroup B1. It has been well 

documented that outcome of inflammation is dependent on blood influx into the organ where the 

process takes place (Granger and Senshenkova 2010, Kvietys and Granger 2014). Specifically in 

the mammary gland, increase of blood input has been associated with pyrexia and local 

inflammation (Burvenich and Peeters 1980). Blood brings into the mammary gland inflammatory 

mediators, responsible for the initiation of the defensive response of the host (Sordillo and 

Streicher 2002). It also carries neutrophils, which play a prominent role in mammary defence 

during the initial stage of the infection. Therefore, the observed reduced blood input into the 

mammary gland of animals of subgroup A1 could have contributed to the impaired defence of the 

ewes and might have supported development of mastitis. Further, in animals of that subgroup, 

increased blood input in the teat was evident for a longer period than in ewes of subgroup B1; 

obviously, in the latter animals, as inflammation was under resolve, blood presence at the site of 

bacterial deposition decreased earlier than in animals of subgroup A1, where mastitis was evident 

in all ewes. Finally, increased blood input was also evident in the contralateral to the challenged 

side of the udder, albeit of smaller magnitude; the two external pudendal arteries branch off from 

the pudendoepigastric trunk, which in turn rises from the external iliac artery, therefore, blood from 

the external iliac artery and the pudendoepigastric trunk floods into the affected side, as well as, at 

the immediately post-challenge stage, also into the contralateral side. 

In hypoglycaemic does (like in animals of subgroup A1), a reduced blood flow into the 

mammary gland has been recorded (Linzell 1967, 1974). Further, Perkins et al. (2002) have found 

that ketotic cows had slower heart rates than healthy animals after intramammary infusion of 

antigen; this led to a slower defence response and, ultimately, later and impaired recovery 

compared to healthy cows.  

The smaller diametre of the external pudendal artery observed in ewes of subgroup A1 

would have contributed to the reduced blood input. Diametre of arteries depends, among others, 

on contractile status of vascular smooth muscle, which, in turn, is influenced by the 

phosphorylation state of the regulatory myosin light-chain, ultimately responding to presence of 

increased amounts of Ca2+/calmodulin (Aird 2007, Vanhoutte et al. 2009). Hence, the smaller 

increase in diametre immediately post-infection could have been the result of a subclinical 

hypocalcaemia, as discussed hereabove. There is a questionmark, as during lactogenesis no 

significant difference in diametre of the external pudendal artery was evident between group A and 

group B. However, during that period input of blood into the growing mammary parnechyma was 

Institutional Repository - Library & Information Centre - University of Thessaly
23/05/2023 16:40:46 EEST - 44.213.66.193



 

 

 

125

of much smaller amount than that observed during immediately post-challenge; hence, the vessel 

could not respond to the greatly increased blood requirements at that period. 

As diametre of the pudendal artery was smaller, mean blood velocity had to increase, as 

observed in this study, in order accommodate as much as possible blood volume into the inflamed 

site. Rubin et al. (1995a, 1995b, 1997) have proposed a normalisation procedure to take account 

of that factor and have introduced a new measure, termed ‘fractional moving blood volume’, which 

estimates the volume of blood moving into a vessel, in dependence with the diametre of the 

vessel. Nevertheless, as discussed above, in this study, ewes that had pregnancy toxaemia 

showed increased mean blood velocity, but not to the appropriate extent for blood input into the 

mammary gland. 

The findings of the compromised teat immune defences and the results of Doppler 

ultrasonographic examination in blood input into the mammary gland indicate that the adverse 

effects of pregnancy toxaemia in the general function of the affected ewes last longer than the end 

of pregnancy, as hitherto recognised. 

 

 

Epilogue 

 

Conclusions 

 

The conclusions from the results of the present thesis are summarised herebelow. 

(a) A model has been developed to induce pregnancy toxaemia in ewes for use in experimental 

studies, at the same time covering satiation requirements of the animals. Parasitism might have 

further contributed to improving the efficacy of the model. 

(b) Ultrasonographic examination of foetuses of ewes with pregnancy toxaemia revealed reduced 

blood input in the umbilical artery. 

� There was a particularly intense modification of haemodynamic properties in ewes which 

later developed dystocia. 

(c) Ultrasonographic appearance of the mammary gland of ewes during lactogenesis has been 

described. 

� Results of B-mode ultrasonographic examination indicated differences between healthy 

ewes and ewes with pregnancy toxaemia in the development of mammary parenchyma. 

� Smaller blood input into the udder of ewes with pregnancy toxaemia was evident. 
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(d) Increased incidence of peri-parturient problems was recorded in ewes with pregnancy 

toxaemia; there was also increased perinatal mortality in their offspring. 

(e) Pregnancy toxaemia can act as a potential predisposing factor for mastitis in the immediately 

post-partum period. 

� Possibly, impairment of the lymphoid follicular structures present at the border between 

teat duct – teat cistern could have been the cause of reduced protection of the mammary 

gland. 

 

Prospects 

 

Suggestions for further research, in continuation of the present work, are as below. 

� The evaluation of Doppler ultrasonographic examination of the foetus(es) in ewes with 

pregnancy toxaemia to evaluate potential risk for peri-partum problems in the pregnant 

females, in order to establish a stategy for prevention. 

� The elucidation of other mechanisms which may adversely affect the immune mechanisms 

of ewes affected with pregnancy toxaemia 

� The extent (in terms of time after lambing) that the adverse effects of pregnancy toxaemia 

prevail in affected animals 

� The formulation of management strategies to apply post-lambing in ewes affected with 

pregnancy toxaemia. 
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