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Περύληψη 

Ειςαγωγό  

Η Περιφερικό Αρτηριακό Νόςοσ (ΠΑΝ) χαρακτηρύζει τη μειωμϋνη αιματικό ροό ςτο 

ϊκρο ωσ αποτϋλεςμα ςτϋνωςησ ό απόφραξησ των αρτηριών του κϊτω μϋλουσ ςτα 

πλαύςια αθηροςκληρυντικόσ νόςου. O επιπολαςμόσ τησ νόςου υπολογύζεται ςε 3-10% 

ςε ενόλικεσ νεότερουσ των 70 ετών και ϋωσ 15-20% ςε ενόλικεσ μεγαλύτερουσ των 70 

ετών. Οι κύριοι παρϊγοντεσ κινδύνου για την ΠΑΝ εύναι ο ςακχαρώδησ διαβότησ, η 

αρτηριακό υπϋρταςη, η υπερλιπιδαιμύα, η ςτεφανιαύα νόςοσ και το κϊπνιςμα. Σο κύριο 

ςύμπτωμα τησ νόςου αποτελεύ η διαλεύπουςα χωλότητα, ενώ ςε πιο ςοβαρϋσ 

περιπτώςεισ μπορεύ να εμφανιςτεύ κρύςιμη ιςχαιμύα ϊκρου (ΚΙΑ), η οπούα απαιτεύ 

επαναγγεύωςη για την αποφυγό ακρωτηριαςμού. Η ΚΙΑ αποτελεύ το τελικό ςτϊδιο τησ 

ΠΑΝ, όπου υπϊρχει ςημαντικό μεύωςη ςτην αιμϊτωςη του ϊκρου και μπορεύ να 

εκδηλωθεύ  με τη μορφό ϊλγουσ ηρεμύασ, γϊγγραινασ ό ϋλκουσ κϊτω μϋλουσ. Οι τεχνικϋσ 

επαναγγεύωςησ περιλαμβϊνουν εύτε ενδαγγειακϋσ τεχνικϋσ όπωσ η διαδερμικό 

αγγειοπλαςτικό (PTA) με ό χωρύσ τοποθϋτηςη stent εύτε χειρουργικϋσ τεχνικϋσ όπωσ η 

χειρουργικό αναςτόμωςη (by-pass). H επιλογό τησ κατϊλληλησ θεραπεύασ βαςύζεται 

ςτην κλινικό κατϊςταςη του αςθενούσ, ςτην ςοβαρότητα τησ ιςχαιμύασ του ϊκρου και 

ςτην ανατομικό κατανομό των αθηροςκληρυντικών αλλοιώςεων. Η αξιολόγηςη τησ 

ΠΑΝ περιλαμβϊνει τη λόψη ιατρικού ιςτορικού, κλινικό εξϋταςη, λειτουργικϋσ 

δοκιμαςύεσ όπωσ ο ςφυροβραχιόνιοσ δεύκτησ και οι τμηματικϋσ πιϋςεισ των ϊκρων και 

ανατομικϋσ/ακτινολογικϋσ εξετϊςεισ, όπωσ το ϋγχρωμο υπερηχογρϊφημα Doppler 

(CDUS), η υπολογιςτικό αγγειογραφύα (CTA) και η μαγνητικό αγγειογραφύα (MRA). Οι 

παραπϊνω μϋθοδοι παρϋχουν ςημαντικϋσ πληροφορύεσ ςχετικϊ με την κατανομό των 

μακροαγγειακών αλλοιώςεων των ϊκρων (ςτενώςεισ, αποφρϊξεισ) αλλϊ όχι για την 

μικροαγγειακό αιματικό διόθηςη (perfusion) των ϊκρων. Μπορούν να 

χρηςιμοποιηθούν ςτην κλινικό πρϊξη για να εκτιμόςουν την ϋκταςη τησ νόςου, να 
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ςχεδιϊςουν τη ςτρατηγικό επαναγγεύωςησ και τϋλοσ  να εκτιμόςουν την βατότητα των 

αρτηριών μετϊ τη θεραπευτικό αντιμετώπιςη. Ωςτόςο, δεν μπορούν να μετρόςουν την 

αιματικό ροό (BF) ςτο ϊκρο ό να εκτιμόςουν την επύδραςη των παρϊπλευρων αγγεύων 

ςτην αιμϊτωςη του ϊκρου. Επιπλϋον δε μπορούν να εκτιμόςουν τα αποτελϋςματα των 

θεραπευτικών επεμβϊςεων όςον αφορϊ την βελτύωςη τησ αιμϊτωςησ. 

κοπόσ  

Οι ςτόχοι τησ παρούςασ διδακτορικόσ διατριβόσ εύναι: 

 Η ανϊδειξη τησ υποαύματωςησ των κϊτω ϊκρων ςε αςθενεύσ με ΚΙΑ και η 

εκτύμηςη των αποτελεςμϊτων τησ PTA ςτην αντιμετώπιςη τησ νόςου, με χρόςη 

ςύγχρονων τεχνικών ποςοτικόσ απεικόνιςησ όπωσ η τεχνικό Αιματικόσ 

Διόθηςησ με Μαγνητικό υντονιςμό (MR Perfusion Imaging) και η τεχνικό 

Αιματικόσ Διόθηςησ με Τπολογιςτικό Σομογραφύα (CT Perfusion) 

 Η ςύγκριςη των δυνατοτότων διαφορετικών τεχνικών MR Perfusion ςτην 

μελϋτη τησ αιμϊτωςησ των ϊκρων 

 Η ςυςχϋτιςη των αποτελεςμϊτων αιματικόσ διόθηςησ με την κλινικό εικόνα και 

τισ απεικονιςτικϋσ εξετϊςεισ των αςθενών μετϊ την PTA για τον καθοριςμό τησ 

πιθανόσ προγνωςτικόσ αξύασ του MR/CT Perfusion.  

Τλικϊ και μϋθοδοι  

τισ ερευνητικϋσ μελϋτεσ ςυμμετεύχαν αςθενεύσ με KIA (κατηγορύασ Rutherford 4-6). Η 

ανατομικό κατανομό των αθηροςκληρωτικών αλλοιώςεων και η κλινικό κατϊςταςη 

του αςθενούσ θα ϋπρεπε να τον καθιςτούν κατϊλληλο για ενδοαγγειακό αντιμετώπιςη 

τησ ΚΙΑ. Οι αςθενεύσ που παρουςύαςαν λιγότερο προχωρημϋνη ΠΑΝ ό οξεύα ιςχαιμύα 

κϊτω ϊκρου αποκλεύονταν από τη μελϋτη. Παρομούωσ, αποκλεύςτηκαν αςθενεύσ που 

υποβλόθηκαν ςε χειρουργικό επαναγγεύωςη ό εκεύνοι ςτουσ οπούουσ 

πραγματοποιόθηκε ςυντηρητικό αντιμετώπιςη ό ακρωτηριαςμόσ. 
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Οι αςθενεύσ που πληρούςαν τα προαναφερθϋντα κριτόρια υποβλόθηκαν ςε εξϋταςη CT 

perfusion (CTFP) ό MR perfusion με πρωτόκολλο που απαιτούςε χορόγηςη 

παραμαγνητικόσ ουςύασ (DCE-MRI) και ακολουθύεσ μοριακόσ διϊχυςησ (DW-MRI) πριν 

και μετϊ την PTA. Όλοι οι αςθενεύσ που ςυμμετεύχαν ςτην  μελϋτη εντϊχθηκαν ςε 

τακτικό πρόγραμμα παρακολούθηςησ με κλινικό εξϋταςη ςτουσ 1, 3, 6 και 12 μόνεσ και 

CDUS ςε ςυνδυαςμό με κλινικό εξϋταςη ςε ετόςια βϊςη. 

Οι εξετϊςεισ CT perfusion πραγματοποιόθηκαν ςε υπολογιςτικό τομογρϊφο 128 τομών 

(Revolution GSI, GE Healthcare, USA). Οι εικόνεσ ελόφθηςαν μετϊ τη χορόγηςη  40 ml 

ιωδιούχου μη ιονικού ςκιαγραφικού ακολουθούμενου από 30 ml φυςιολογικού ορού με 

ρυθμό ϋγχυςησ 4 ml/s. Οι εικόνεσ μεταφϋρθηκαν ςε ειδικό ςταθμό εργαςύασ (AW server 

3.2, GE Medical Systems) για περαιτϋρω ανϊλυςη με κατϊλληλο απεικονιςτικό 

πρόγραμμα (CT-Perfusion-4D, GE Medical Systems). τη ςυνϋχεια δημιουργόθηκαν 

παραμετρικού χϊρτεσ αιματικόσ διόθηςησ για ποικύλεσ αιμοδυναμικϋσ παραμϋτρουσ 

όπωσ ο όγκοσ αύματοσ (blood volume [BV]), η ροό αύματοσ (blood flow [BF]) και η 

διαπερατότητα επιφανεύασ (permeability surface [PS]) μϋςω αλγορύθμου 

αποςυγκϋντρωςησ και  υπολογύςτηκε η ςχετικό αλλαγό ςε παραμϋτρουσ perfusion πριν 

και μετϊ την ενδαγγειακό αντιμετώπιςη. Παρϊλληλα, εξετϊςεισ από 6 αςθενεύσ 

αναλύθηκαν και από ϋναν δεύτερο παρατηρητό για τον προςδιοριςμό τησ 

αναπαραγωγιμότητασ μεταξύ παρατηρητών. 

Οι εξετϊςεισ MR perfusion πραγματοποιηθόκαν ςε μαγνητικό τομογρϊφο 1.5 Tesla 

(Vision/Sonata Hybrid system, Siemens, Erlangen, Germany) ενιςχυμϋνο με ϋνα 

ιςοδύναμο ςύςτημα διαβϊθμιςησ 3 Tesla.  Σο πρωτόκολλο MR perfusion περιελϊβανε: 

 ςυμβατικϋσ ακολουθύεσ T1w 3D GRE VIBE and T2/T1w 3D GRE CISS. 

 ακολουθύεσ μοριακόσ διϊχυςησ Diffusion-weighted (DW) ςε οβελιαύο επύπεδο 

χρηςιμοποιώντασ ακολουθύεσ υψηλόσ ανϊλυςησ HASTE (Half-Fourier 

Acquisition Single-shot Turbo spin Echo)  με πολλαπλϊ b values (b = 0, 50, 100, 

150, 200, 500, 800, 1000 s/mm2). 
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 T1w 3D GRE VIBE ακολουθύεσ ςε οβελιαύο επύπεδο με ποικύλεσ flip angles (FA = 

5o,10o,15o,20o,25o,30o) για τον αρχικό προςδιοριςμό των παραμετρικών T1 

χαρτών και T1w 3D GRE VIBE ακολουθύεσ perfusion που επαναλόφθηκαν για 10 

λεπτϊ μετϊ την ενδοφλϋβια χορόγηςη παραμαγνητικόσ ςκιαγραφικόσ ουςύασ 

(0.1 mmol/kg).  

Η ανϊλυςη των ακολουθιών αιματικόσ διόθηςησ μετϊ τη χορόγηςη παραμαγνητικόσ 

ουςύασ (DCE-MRI) πραγματοποιόθηκε χρηςιμοποιώντασ ϋνα εκτεταμϋνο μοντϋλο Tofts 

και ποςοτικού χϊρτεσ για διϊφορεσ αιμοδυναμικϋσ παραμϋτρουσ όπωσ η ροό αύματοσ 

(blood flow [BF]), το Ktrans και Kep δημιουργόθηκαν από τα παραμετρικϊ δεδομϋνα 

προςαρμοςμϋνα ςτο εκτεταμϋνο μοντϋλο Tofts, χρηςιμοποιώντασ μια πληθυςμιακό 

λειτουργύα αρτηριακόσ ειςόδου (AIF). 

Όςον αφορϊ τη ςύγκριςη μεταξύ των διαφορετικών τεχνικών MR perfusion (με χρόςη 

ό μη παραμαγνητικόσ ουςύασ) ενςωματώθηκαν γραμμικού και μη γραμμικού αλγόριθμοι 

για τον ποςοτικό προςδιοριςμό των παραμϋτρων μϋςω μιασ ποικιλύασ μοντϋλων, 

ικανών να εξαγϊγουν πληροφορύεσ από κϊθε τεχνικό απεικόνιςησ. Όλοι οι αριθμητικού 

υπολογιςμού πραγματοποιόθηκαν ςε ςύςτημα Python 3.5 και περιλαμβϊναν: Intra 

voxel incoherent motion μοντϋλο για τισ ακολουθύεσ διϊχυςησ και μοντϋλο Patlak, 

εκτεταμϋνο μοντϋλο  Tofts και μοντϋλο Gamma Capillary Transit time (GCTT) για τισ 

ακολουθύεσ DCE-MRI. 

Οι ακολουθύεσ μοριακόσ διϊχυςησ (DW-MRI) αναλύθηκαν επύςησ ςε ειδικό λογιςμικό 

(QMRI Utilities-X) και δημιουργόθηκαν ϋγχρωμοι παραμετρικού χϊρτεσ του ςυντελεςτό 

διϊχυςησ ιςτού (D) και τησ εξαρτώμενησ από τη ροό ψευδοδιϊχυςησ ςτο δύκτυο των 

τριχοειδών αγγεύων (D*). Οι παραμετρικού αυτού χϊρτεσ μεταφϋρθηκαν και αναλύθηκαν 

από εμπορικϊ διαθϋςιμο λογιςμικό (nordicICE v4.0, NNL, Bergen, Norway).  
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Αποτελϋςματα  

Όςον αφορϊ τισ εξετϊςεισ CTFP, 22 αςθενεύσ ςυμμετεύχαν ςτη μελϋτη. Η επαναγγεύωςη 

επιτεύχθηκε ςε 19 αςθενεύσ, ενώ η αξιολόγηςη του CTFP δεν όταν εφικτό ςε 5 εξετϊςεισ 

και ϋνασ αςθενόσ πϋθανε πριν από την μετεπεμβατικό εξϋταςη. υνολικϊ, 13 αςθενεύσ 

(10 ϊνδρεσ, 3 γυναύκεσ) ςυμπεριλόφθηκαν ςτην ανϊλυςη. Η μϋςη ηλικύα όταν 72 ϋτη 

(εύροσ 51-84 ϋτη). ύμφωνα με την ταξινόμηςη τησ ΠΑΝ κατϊ Rutherford, ϋνασ 

αςθενόσ κατατϊχθηκε ςτην κατηγορύα 4, οκτώ αςθενεύσ ςτην κατηγορύα 5 και τϋςςερισ 

αςθενεύσ ςτην κατηγορύα 6. Η επαναγγεύωςη όταν τεχνικϊ επιτυχόσ ςε όλουσ τουσ 

αςθενεύσ και ο μϋςοσ ςφυροβραχιόνιοσ δεύκτησ αυξόθηκε από 0,36 ± 0,16 ςε 0,75 ± 0,22. 

Μετϊ την επαναγγεύωςη, ο δεύκτησ BV αυξόθηκε από 1,55 mL / 100 g ± 0,83 ςε 4,51 mL 

/ 100 g ± 1,53, ο δεύκτησ BF αυξόθηκε από 16,28 mL / 100 g / min ± 4,97 ςε 31,49 mL / 

100 g / min ± 6,86 και ο δεύκτησ PS αυξόθηκε από 3,1 mL / min / 100 g ± 1,95 ςε 8,67 

mL / min / 100 g ± 3,85 (P <0,05). Η αύξηςη των παραμϋτρων διϊχυςησ όταν 

μεγαλύτερη ςτο δϋρμα ςε ςύγκριςη με περιοχϋσ μυώκού ιςτού (p = 0,0016 για BV, p = 

0,0333 για BF και p = 0,0027 για PS). Επιπλϋον, οι αςθενεύσ με φτωχό ανταπόκριςη 

ςτην επαναγγεύωςη, οι οπούοι τελικϊ υποβλόθηκαν ςε ακρωτηριαςμό παρουςύαςαν 

χαμηλότερεσ τιμϋσ παραμϋτρων perfusion μετϊ την PTA ςε ςχϋςη με τουσ αςθενεύσ με 

ςημαντικό κλινικό βελτύωςη (P <.05). Όλεσ οι μετρόςεισ ϋδειξαν πολύ καλό 

επαναληψιμότητα μεταξύ των παρατηρητών και οι ςυντελεςτϋσ ενδοταξικόσ 

ςυςχϋτιςησ όταν 0,91 για το BV, 0,94 για το BF και 0,95 για το PS. Η μϋςη δόςη-μόκουσ 

ςϊρωςησ  του CTFP όταν 1430,4 mGy * cm και η μϋςη δραςτικό δόςη όταν 0,29 mSv. 

Όςον αφορϊ το πρωτόκολλο DCE-MRI, 16 αςθενεύσ ςυμμετεύχαν ςτη μελϋτη. H 

επαναγγεύωςη επιτεύχθηκε ςε 13 αςθενεύσ, ενώ ϋνασ αςθενόσ απεβύωςε και ϋνασ ϊλλοσ 

υπϋςτη ακρωτηριαςμό πριν από την μετεπεμβατικό εξϋταςη DCE-MRI. Η ανϊλυςη 

επύςησ δεν όταν εφικτό ςε μύα περύπτωςη. υνολικϊ, 10 αςθενεύσ (6 ϊνδρεσ, 4 γυναύκεσ) 

με μϋςη ηλικύα τα 68 ϋτη (εύροσ 58-79 ϋτη) ςυμπεριλόφθηκαν ςτην τελικό ανϊλυςη. 

ύμφωνα με την ταξινόμηςη τησ ΠΑΝ, κατϊ Rutherford, δύο αςθενεύσ κατατϊχθηκαν 
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ςτην κατηγορύα 4, ϋξι αςθενεύσ ςτην κατηγορύα 5 και δύο αςθενεύσ ςτην κατηγορύα 6. Η 

επαναγγεύωςη όταν τεχνικϊ επιτυχόσ ςε όλουσ τουσ αςθενεύσ και ο μϋςοσ 

ςφυροβραχιόνιοσ δεύκτησ (ΑΒΙ) αυξόθηκε από 0,37 ± 0,18 ςε 0,76 ± 0,23, p <0,05. Μετϊ 

την PTA, ο δεύκτησ BF αυξόθηκε από 6.232 ± 2.867–9.867 ± 2.965 mL / min / 100 g, ο 

δεύκτησ Ktrans αυξόθηκε από 0.060 ± 0.022 ςε 0.107 ± 0.041 min− 1 και ο δεύκτησ Kep 

αυξόθηκε από 0.103 ± 0.024 ςε 0.148 ± 0.024 min  − 1, p <0,05. Όλεσ οι μετρόςεισ ϋδειξαν 

πολύ καλό αξιοπιςτύα μεταξύ των παρατηρητών με ςυντελεςτό ενδοταξικόσ 

ςυςχϋτιςησ > 0,85 για όλεσ τισ παραμϋτρουσ perfusion. 

Όςον αφορϊ τη ςύγκριςη μεταξύ των παραμϋτρων διϊχυςησ και αιματικόσ διόθηςησ, η 

ανϊλυςη ςυςχϋτιςησ voxel με voxel δεν ϋδειξε ςημαντικό ςυςχϋτιςη με βϊςη τη 

ςυςχϋτιςη κατϊ Pearson. Όταν εφαρμόςτηκε ϋνα φύλτρο Gaussian ςτουσ 

παραμετρικούσ χϊρτεσ, επιτεύχθηκε ϋνασ καλόσ ςυςχετιςμόσ (> 0,5) μεταξύ των 

παραμϋτρων διϊχυςησ και αιματικόσ διόθηςησ. 

Σϋλοσ, 8 αςθενεύσ (5 ϊντρεσ, 3 γυναύκεσ) με διϊμεςη ηλικύα τα 69 ϋτη (εύροσ 56-79 ϋτη) 

υποβλόθηκαν ςε εξετϊςεισ μοριακόσ διϊχυςησ (DW-MRI) πριν και μετϊ την PTA. 

ύμφωνα με την ταξινόμηςη τησ ΠΑΝ κατϊ Rutherford, δύο αςθενεύσ κατατϊχθηκαν 

ςτην κατηγορύα 4, πϋντε αςθενεύσ ςτην κατηγορύα 5 και ϋνασ αςθενόσ ςτην κατηγορύα 

6. Επιπλϋον, 6 υγιεύσ μϊρτυρεσ (3 ϊνδρεσ και 3 γυναύκεσ) με διϊμεςη ηλικύα τα 50 ϋτη 

(εύροσ 38-67 ϋτη) υποβλόθηκαν ςτην ύδια εξϋταςη. Κανεύσ από τουσ παραπϊνω δεν εύχε 

ιςτορικό ό προδιαθεςικούσ παρϊγοντεσ για ΠΑΝ . Η επαναγγεύωςη όταν τεχνικϊ 

επιτυχόσ ςε όλουσ τουσ αςθενεύσ και ο μϋςοσ ςφυροβραχιόνιοσ δεύκτησ (ΑΒΙ) αυξόθηκε 

από 0,35 ± 0,2 ςε 0,76 ± 0,25, p <0,05. Μετϊ την επιτυχό επαναγγεύωςη, το D* αυξόθηκε 

από 279.88 ± 13.47 10−5 mm2/s ςε 331.51 ± 31 10−5 mm2/s, p<0.05. Επιπλϋον, οι υγιεύσ 

μϊρτυρεσ παρουςύαςαν υψηλότερη τιμό D* ςε ςύγκριςη με τουσ αςθενεύσ με ΠΑΝ (μϋςη 

τιμό 332.47 ± 22.95 10−5 mm2/s ϋναντι 279.88 ± 13.47 10−5 mm2/s αντύςτοιχα p<0.05). 
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υμπϋραςμα  

Οι τεχνικϋσ αιματικόσ διόθηςησ με χρόςη υπολογιςτικόσ ό μαγνητικόσ τομογραφύασ 

εύναι αξιόπιςτεσ εφαρμογϋσ που μπορούν να αποτελϋςουν χρόςιμα εργαλεύα για την 

αξιολόγηςη τησ υποαιμϊτωςησ των κϊτω ϊκρων και την εκτύμηςη των αποτελεςμϊτων 

τησ διαδερμικόσ αγγειοπλαςτικόσ ςε αςθενεύσ με ΚΙΑ. Οι πληροφορύεσ που παρϋχονται 

από αυτϋσ τισ εξετϊςεισ μπορεύ να βοηθόςουν ςτην αξιόπιςτη πρόβλεψη τησ 

ανταπόκριςησ ςτη θεραπεύα επαναγγεύωςησ ό ςε επικεύμενο ακρωτηριαςμό ϊκρου ςε 

αςθενεύσ με KIA. Σϋλοσ, θα μπορούςαν να χρηςιμοποιηθούν ωσ εργαλεύα για την 

παρακολούθηςη των αποτελεςμϊτων τησ ενδαγγειακόσ ό χειρουργικόσ θεραπεύασ και 

του ςχεδιαςμού τησ ςτρατηγικόσ επαναγγεύωςησ.  
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Abstract 

Introduction 

Peripheral arterial disease (PAD) describes the impairment of blood flow to lower 

extremities as a result of stenoses or occlusions in lower limb arteries on a  basis of 

atherosclerotic disease. The prevalence of  PAD varies in general population from 3-10% 

in individuals younger than 70 years to 15-20% in elder people older than 70 years. The 

main risk factor for PAD include diabetes mellitus (DM), hypertension (HT), 

hyperlipidemia (HL), coronary arterial disease (CAD) and smoking. The classic 

presenting symptom of PAD is intermittent claudication (IC) and less commonly patients 

presented with critical limb ischemia (CLI) which requires revascularization in order to 

prevent amputation. CLI refers to the end stage of PAD, in which macrovascular lesions 

of lower limb arteries induce significant reduction of distal perfusion pressure. It can be 

presented as ischemic rest pain, gangrene or ulceration of foot. Revascularization 

strategies include either endovascular procedures such as percutaneous transluminal 

angioplasty (PTA) with or without stent deployment or surgical procedures such as 

lower extremity by-pass (using autologous venous or synthetic grafts). The selection of 

the appropriate treatment is based on patient clinical status, limb threat assessment and 

anatomic pattern of the disease. Evaluation of PAD includes medical history, clinical 

examination, functional tests such as ankle-brachial index (ABI) and segmental limb 

pressures and anatomic/radiologic tests such as color duplex ultrasound (CDUS), 

computed tomography angiography (CTA) and magnetic resonance angiography (MRA). 

These modalities provide significant information about the distribution of 

macrovascular lesions of the limbs (stenoses, occlusions) but not for the local 

microvascular perfusion of the extremities. They can be used in clinical  practice to 

assess the extent of disease, plan the revascularization strategy and finally confirm the 
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patency of the main arteries after treatment. However, they cannot measure blood flow 

(BF) to the limb or estimate the influence of collateral vessels on end-organ perfusion. 

These modalities are also incapable of estimating the response to therapeutic 

interventions regarding the improvement in tissue perfusion. 

Purpose 

The goals of PhD thesis are: 

 to emerge hypoperfusion of lower extremities  in patients with CLI and estimate 

PTA results using CT and MR perfusion techniques. 

 to compare the abilities of different  MR perfusion techniques . 

 to correlate the lower limb perfusion results with the clinical outcome of 

patients after PTA and their imaging studies (CDUS, CTA) as part of their follow-

up to determine the potential prognostic value of CT/MR perfusion techniques. 

Materials and Methods 

Selective patients with CLI (either rest pain or minor/major tissue loss, Rutherford 

categories 4-6) were enrolled in this research. The anatomic distribution of 

atherosclerotic lesions and patient’s comorbidities/overall clinical status should make 

them suitable for endovascular revascularization. Patients presenting less advanced 

PAD (not classified as CLI) or acute lower limb ischemia were excluded. Similarly, 

patients that underwent surgical revascularization or those in whom either a 

conservative approach or a primary amputation was performed, were also excluded. 

The patients that fulfilled the abovementioned criteria were subjected to CT perfusion 

examination (CTFP) or MR perfusion examination including dynamic contrast-enhanced 

MRI (DCE-MRI) and diffusion weighted MRI (DW-MRI) before and after PTA. All patients 

were followed-up with clinical examination at 1, 3, 6 and 12 months and color Doppler 

ultrasound combined with clinical examination on an annual basis.  



20 
 

CTFP examinations were performed on a 128-slice CT scanner (Revolution GSI, GE 

Healthcare, USA). Images were obtained after injection of 40 ml of iodinated non-ionic 

contrast medium followed by 30 mL of saline solution at a flow rate of 4 mL/s. CT 

perfusion images were transferred to a dedicated workstation (AW server 3.2, GE 

Medical Systems) and analyzed using commercial CT software (CT-Perfusion-4D, GE 

Medical Systems). CT perfusion maps of various hemodynamic parameters such as 

blood volume [BV], blood flow [BF] and permeability surface [PS] were created via 

deconvolution algorithm and the change in the relative perfusion parameters before and 

after endovascular treatment was calculated. Moreover, studies from 6 patients were 

examined by a second observer to determine inter-observer reproducibility. 

MR perfusion examinations were performed on a 1.5T clinical MR Scanner 

(Vision/Sonata Hybrid system, Siemens, Erlangen, Germany) enforced with a powerful 

3T equivalent gradient system.  The MR perfusion protocol included: 

 Conventional T1w 3D GRE VIBE and T2/T1w 3D GRE CISS sequences. 

 Diffusion weighted (DW) sagittal images utilizing a high resolution HASTE (Half-

Fourier Acquisition Single-shot Turbo spin Echo) sequence with diffusion 

sensitizing gradients with b values (b = 0, 50, 100, 150, 200, 500, 800, 1000 

s/mm2). 

 T1w 3D GRE VIBE sequence in sagittal plane with variable flip angles (FA = 

5o,10o,15o,20o, 25o,30o) for the initial calculation of the parametric T1 maps and 

T1w 3D GRE VIBE perfusion sequence repeated for ten minutes after the 

intravenous injection of paramagnetic contrast medium CA (0.1 mmol/kg) for 

DCE-MRI. 

DCE-analysis was performed utilizing an extended Tofts model and quantitative 

perfusion maps based on pharmacokinetic parameters such us blood flow (BF),  K trans 

and Kep were created from parametric data fitted to the extended Tofts model utilizing a 

population-based arterial input function (AIF). 
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As far as the comparison between MR perfusion parameters Linear and nonlinear least 

squares algorithms, were incorporated for the quantification of the parameters through 

a variety of widely used models, able to extract physiological information from each 

imaging technique. All numerical calculations were implemented in Python 3.5 and 

include the: Intra voxel incoherent motion for diffusion and Patlak's, Extended Toft's 

and Gamma Capillary Transit time (GCTT) models for perfusion MRI. 

DW sagittal images were analyzed in-house software (QMRI Utilities-X) and color 

parametric maps of tissue diffusion coefficient (D) and flow-related pseudo diffusion 

inside the capillary network (D*) were constructed on a pixel by pixel basis. The 

parametric maps (D and D*) were then transferred and evaluated with a commercially 

available software (nordicICE v4.0, NNL, Bergen, Norway).  

Results 

As far as CTFP examination, 22 patients enrolled in the study. Technical success was 

achieved in 19 patients, CTFP evaluation was not feasible in 5 examinations and one 

patient died before post-PTA CTFP. Totally, 13 patients (10 male, 3 female) were 

included in the analysis. The median age was 72 years (range 51-84 years). According to 

Rutherford classification of PAD, one patient was allocated to class 4, eight patients to 

class 5 and four patients to class 6 PAD. Revascularization was technically successful in 

all patients, and mean ankle–brachial index (ABI) increased from 0.36 ± 0.16 to 0.75 ± 

0.22. After revascularization, mean BV increased from 1.55 mL/100 g ± 0.83 to 4.51 

mL/100 g ± 1.53, BF increased from 16.28mL/100 g/min ± 4.97 to 31.49 mL/100 g/min 

± 6.86, and PS increased from 3.1 mL/min/100 g ± 1.95 to 8.67  mL/min/100 g ± 3.85 (P 

< .05). Perfusion parameters increase was greater in dermis compared to muscle tissue 

regions  (p=0.0016 for BV increase, p=0.0333 for BF increase and p=0.0027 for PS 

increase). Moreover, patients with poor response to revascularization who finally 
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underwent amputation presented lower post-PTA perfusion parameters values than 

patients with significant clinical improvement (P <.05). All measurements demonstrated 

very good interobserver reproducibility, and intraclass correlation coefficients were 

0.91 for BV, 0.94 for BF, and 0.95 for PS respectively. The mean dose-length product of 

CTFP was 1430.4 mGy*cm and the mean effective dose was 0.29 mSv. 

As far DCE-MRI, 16 selective patients enrolled in the study. Technical success was 

achieved in 13 patients, one patient died and another patient underwent amputation 

before post-PTA examination and DCE analysis was not feasible in one case. Totally, 10 

patients (6 male, 4 female) with a median age of 68 years (range 58-79 years) were 

included in the final analysis. According to Rutherford classification of PAD, two patients 

were allocated to class 4, six patients to class 5 and two patients to class 6 PAD. 

Revascularization was technically successful in all patients and mean ABI increased 

from 0.37 ± 0.18 to 0.76 ± 0.23, p < 0.05. After PTA, mean BF increased from 6.232 ± 

2.867–9.867 ± 2.965 mL/min/100 g, Ktrans increased from 0.060 ± 0.022 to 0.107 ± 0.041 

min−1 and Kep increased from 0.103 ± 0.024 to 0.148 ± 0.024 min−1, p < 0.05. All 

measurements demonstrated very good inter-observer reliability with an ICC > 0.85 for 

all perfusion parameters. 

As far as the comparison between diffusion and perfusion parameters, voxel by voxel 

correlation analysis didn't show any significant correlation based on the Pearson's 

correlation. When a Gaussian filter was applied to the parametric maps, a good 

correlation (> 0.5) of diffusion and perfusion parameters was achieved. 

Finally, 8 patients (5 male, 3 female) with a median age of 69 years (range 56-79 years) 

underwent DW-MRI before and after PTA. According to Rutherford classification of PAD, 

two patients were allocated to class 4, five  patients to class 5 and one patients to cl ass 6 

PAD. Moreover 6 healthy volunteers (3 male, 3 female) with a median age of 50 years 

(range 38-67 years) underwent the same examination. Neither of these volunteers had 

history of PAD or predisposing factors for PAD such as diabetes mellitus, hypertension 
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or history of smoking. Technical success was also achieved in all patients, included in the 

final analysis (8/8). After PTA, mean ABI increased from 0.35 ± 0.2 to 0.76 ± 0.25 

(p<0.05). After successful revascularization, D* increased from 279.88 ± 13.47 

10−5 mm2/s to 331.51 ± 31 10−5 mm2/s, p<0.05. Moreover, healthy volunteers presented 

higher D* in comparison with PAD patients (332.47 ± 22.95 10−5 mm2/s versus 279.88 ± 

13.47 10−5 mm2/s respectively, p<0.05).  

Conclusion 

CT perfusion, DCE-MRI and DW-MRI are reproducible techniques which can be useful 

tools for evaluation of lower limb hypoperfusion and estimation of PTA outcome in 

patients with CLI. The information provided by these examinations may aid reliable 

prediction of poor response to revascularization or an imminent amputation in patients 

with CLI. Moreover, they could be promising tools for monitoring of endovascular or 

surgical treatment and planning of  revascularization strategy. 
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Peripheral arterial disease 

Peripheral arterial disease (PAD) describes the impairment of blood flow to lower 

extremities as a result of atherosclerotic disease [1]. Atherosclerosis is a complex 

process which includes endothelial dysfunction, platelet activation, thrombosis, 

oxidative stress, smooth muscle activation, lipid disturbances and genetic factors [2]. 

Inflammation has also a significant role in all phases of atherosclerotic process as 

biological data implicate inflammatory pathways in early atherogenesis, in lesion 

progression and in the thrombotic complications of the disease. Moreover there is 

correlation between inflammatory markers and ischemic events which can be an 

important tool for risk stratification [3].  

 

Epidemiology 

The incidence of  PAD varies in general population from 3 -10% in individuals younger 

than 70 years to 15-20% in elder people older than 70 years, whereas the prevalence in 

this age group is between 14 and 29% [4]. Figure 1 shows the prevalence of PAD by age 

group and sex in high-income and low-income counties. Moreover, PAD is a significant 

manifestation of systemic atherosclerosis and is associated with increased rate of 

cardiovascular ischemic disease and death [5]. However, 40% of patients with PAD are 

asymptomatic and only 10% present intermittent claudication (IC), a cramping leg pain 

which is the typical symptom of the disease. Moreover 50% have atypical lower 

extremity symptoms [6]. This heterogenity of clinical presentation is the main reason 

for under-diagnosis of PAD and the difficult estimation of its incidence in general 

population. Furthermore, only 25% of patients with PAD seek treatment, which leads to 

functional decline, limitation of physical activity and in serious cases to limb amputation 

[5]. The 10-year risk of death in PAD patients is over 40% and about 20% of patients 

will suffer a heart attack, stroke or death within 1 year [7] .  
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Fig. 1: Prevalence of peripher al artery disease (PAD; ankle-brachial index [ABI] <0.9) by age and sex in 

high-income countries (HICs) and in low-and middle-income countries (LMICs ).  

Conte MS, Bradbury AW, Kolh P, et  al. Global  vascular guidelines on the management  of chronic  limb -

threatening ischemia. J Vasc  Sur g. 2019;693 

 

Risk factors 

The risk of PAD can be predicted by age and the knowledge of atherosclerotic risk 

factors such as diabetes mellitus (DM), hypertension (HT), hyperlipidemia (HL), 

coronary arterial disease (CAD) and smoking. The early identification of these risk 

factors is useful in determining populations and patients at risk. The relative risk of PAD 

by contributing risk factor is shown in figure 2. 

 

Age, sex, race 

As it is referred in the previous paragraph, the incidence of PAD increased with age. Data 

from the Framingham Heart study showed than the prevalence of PAD increased 10-fold 

from men aged 30-44 years to men aged 65-74 years and 20-fold in women in the same 

age groups [8]. PAD was traditionally identified as a male-dominant disease with a male: 

female prevalence ratio to be reported as 2:1 for PAD [4]. However, recent population 
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trends and studies revealed that women are affected at least as often as men with PAD 

[9].  Black race is also associated with PAD. The prevalence rate increased in black race 

in comparison with Hispanic white and non-Hispanic white race [4]. Furthermore a 

recent study showed that the high prevalence of PAD in black race is not explained by 

increased prevalence of DM, HT, HL or other cardiovascular risk factors in this group. As 

a result, black ethnicity seems to be a strong and independent risk factor for PAD [10]. 

 

Diabetes mellitus 

DM is a significant risk factor for PAD and cardiovascular diseases. DM affects the vessel 

wall by multiples ways (derangement of endothelials cells, proatherogenic activity in 

smooth muscle cells, oxidative stress) but also effects blood cells causing aggregation of 

enhanced platelets, increased blood viscosity and hypercoagulable state [11]. Rotterdam 

study showed that DM presents in about 12% and 16% in male and female patients with 

PAD in comparison with non-PAD patients (6.7% and 6.3% respectively) [12]. A 

metanalysis also revealed that a 1 % increase in glycated hemoglobin is associated with 

a 26% increase of the possibility to develop PAD [13].  Moreover, there is association 

between PAD and foot ulcers in patients with DM and these patients should be evaluated 

by a multisciplinary diabetic foot team. Complications of foot ulcers are the leading 

cause of hospitalization and amputation in DM patients and approximately 20-40% of 

the healthcare resources which were spent for DM are related to treatment of diabetic 

feet [14].  

 

Hypertension 

HT is another significant risk factor for cardiovascular diseases including PAD. About 

35-55% of patients with PAD at presentation, also have HT [15]. The risk of IC increased 

2.5-fold in men and 4-fold in women with HT [8]. Moreover patients with both PAD and 
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HT have high risk for stroke or myocardial infarction, so the efficient blood pressure 

control is important to prevent progression of PAD and fatal complications [15]. 

Hyperlipidemia 

HL is strongly associated with symptoms and sings of PAD. The Lipid Research Clinics 

Program Prevalence Study compared lipid levels of individuals with and without 

claudication and with  normal or pathological ABI and confirmed the association 

between HL and PAD [16]. The Framingham Heart Study, showed that there is a 1.2-fold 

increase in the risk of symptomatic PAD for every 40 mg/dL elevation of  total 

cholesterol levels [8]. However, the strongest lipoprotein risk factor is the low 

concentration of HDL. Both Rotterdam and Framingham studies revealed this 

correlation  [12,8], whereas the Cardiovascular Health Study showed a 1% increased 

odds of  PAD for every 1mg/dl decrease in HDL [17]. 

Hyperhomocysteinemia 

Multiple studies suggested than increased plasma homocysteine concentration is an 

independent risk factor for PAD, as it promotes oxidative damage to vascular wall and 

increased proliferation of vascular smooth muscles cells [18]. A metanalysis which 

included 33 studies showed that homocysteine levels were significantly elevated in 

patients with PAD compared to controls [19]. In the same way, a prospective blinded 

study demonstrated that elevated levels of plasma homocysteine are associated with 

cardiovascular death and progression of coronary artery disease in patients with 

symptomatic PAD [20]. 

Chronic kidney disease 

Patients with CKD present a higher risk to develop PAD and its adverse outcomes in 

comparison with individuals with normal renal function. The prevalence of PAD is 

increased in patients with CKD and especially in patients requiring dialysis [21], 
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whereas it exceed 45% in elder patients older than 70 years who undergoing dialysis 

treatment [22].  Furthermore, patients with both CKD and PAD have a significantly 

higher risk for death in comparison with patients with one of the above mentioned 

diseases [23]. 

Smoking 

Smoking is the most important modifiable risk factor for PAD. Smoking increases several 

folds the risk of PAD and it is also more influential risk factor for PAD compared to CAD 

[24]. It affects the normal function by multiple ways such as endothelial dysfunction and 

alteration of coagulation, platelet function and lipoprotein metabolism  [25]. A 

metanalysis which included 55 studies showed that there is significant correlation 

between smoking and PAD which is greater than the reported for CAD. Moreover it 

revealed that the risk is lower in ex-smokers but it remains high compared to never-

smokers [26].  

 

 

 

 

 

 

 

Fig. 2: Risk factors and Odds ratio  for PAD 

Selvin E, Erlinger TP. Pr evalence of and risk factors for peripheral arterial diseas e in the Unit ed States:  

results from the National Health and Nutrition Examination Survey, 1999-2000 Circulation 2004;110:738-

43. 
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Clinical presentation and 
classification of PAD 

 

The majority of patients with PAD  (about 65-75%) are asymptomatic. Whether 

symptoms develop or not depends on the level of activity of the individuals. The classic 

presenting symptom is intermittent claudication (IC) and less commonly patients 

presented with critical limb ischemia (CLI) which requires revascularization in order to 

prevent amputation or other PAD complications [1]. 

 

Intermittent claudication 

The most typical presentation of PAD is intermittent claudication (IC), which is 

characterized by pain in lower extremities, especially in the calves, which increased by 

walking or exercise and relieved by rest. The symptoms location often indicates the level 

of arterial involvement. In patients with proximal arterial lesions (aortoiliac segment), 

the pain extends into the thighs and buttocks. It is also important to distinguish IC from 

pain related to venous diseases, arthritis and peripheral neuropathy [2]. The Edinburgh 

Claudication Questionnaire is a helpful tool for diagnosis of IC with high specificity and 

acceptable sensitivity [3]. However, the diagnosis of PAD may be missed because many 

patients are asymptomatic or present atypical symptoms. Moreover, although PAD is a 

progressive disease, its clinical course is stable in the majority of cases. That is a result 

of collateral vessels development, metabolic adaption of ischemic muscle and movement 

altering in favor of non-ischemic muscles [4]. Fortunately, amputation is a rare 

complication of IC (<2%) but closed follow-up and risk factors modification is necessary 

because it is difficult to predict the risk of deterioration in PAD patients [1]. 
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Ischemic rest pain 

In more severe cases of PAD,  pain is not only present during exercise but also at rest. It 

is a continuous, burning pain which increased in supine position and relieved by sitting 

or placing the extremity in a dependent position [2]. Nocturnal rest pain often occurs 

after the patient has fallen asleep, as systemic blood pressure decreases, which causes 

further reduction of limb perfusion [5]. 

Gangrene and ulceration 

Gangrene and ulcers represent the most severe presentation of PAD. Gangrene is a type 

of tissue necrosis as a result of significant reduction of blood supply [2]. It usually affects 

digits or the heel but in severe cases may involve the whole foot (figure 1). Symptoms 

include red or black color of foot, numbness, pain, skin breakdown and coolness [6]. 

There are two main types of gangrene, dry and wet. Dry gangrene is characterized by 

dry and shriveled skin and is associated with severe PAD. It also develops slowly. On the 

other hand, wet gangrene refers to bacterial infection of the affected tissue. Swelling and 

wet appearance by blisters oozing fluid are features of this type. Moreover, it may be 

associated with PAD but it can be also a result of frostbite, burn or trauma. Wet 

gangrene usually develops rapidly and has poorer prognosis compared to dry-gangrene 

due to systemic manifestation of sepsis. A salvage amputation may be necessary to 

prevent death [7].  

Arterial ulcers are also associated with severe PAD as a result of lower extremity 

hypoperfusion. They are extremely painful and they are often presented after local 

trauma. However, pain is absent in patients with peripheral neuropathy [2]. Ulceration 

typically located on the toes and forefoot, but other areas may also be affected in 

patients with diabetic neuropathy or foot deformity [6]. Ulcers have gray or yellow 

fibrotic base and undermining skin margins (figure 2). They are often associated with 

skin and muscle tissue changes such as skin thinness, muscle atrophy and absence of 



33 
 

hair and they can also be complicated by local infection and inflammation [8]. However, 

there are also foot ulcers which are caused by venous diseases or diabetes 

(neuropathic/neuroischemic) and differential diagnosis is critical in order to provide 

the optimal medical treatment [1]. 

 

 

 

 

 

 

 

 

 

 

Fig. 1: Dry gangrene of left  foot  

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Two patients with arterial  heel  ulcer ation and mixed arterial-venous ulceration of toes and dorsal 

aspect of the foot respectively.  
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Critical limb ischemia  

Critical limb ischemia (CLI) refers to the end stage of PAD, in which macrovascular 

lesions of lower limb arteries induce significant reduction of distal perfusion pressure 

that microcirculation and nutrient blood flow to tissues are significantly disturbed.  The 

definition of CLI has involved from the initial definition by Bell et al on 1982 to TASC I 

and TASC II and the recent published GLOBAL vascular guidelines [14]. TASC II suggests 

the term of CLI to be used for all patients with chronic ischemic rest pain, ulcers or 

gangrene attributable to objectively proven arterial occlusive disease and the diagnosis 

should be supported by objective tests [1]. Global vascular guidelines which were 

published on 2019, proposed the term critical limb threatening ischemia (CLTI) which 

included a broader and more heterogeneous group of patients with various degrees of 

limb ischemia with increased amputation risk. CLTI is associated with chronic limb 

hypoperfusion on a basis of athreosclerotic disease, so patients with acute limb 

ischemia, vasculitides, venous diseases, neoplastic diseases and radiation arteritis are 

excluded. The diagnosis of CLTI requires both objectively documented atherosclerotic 

PAD and ischemic rest pain or tissue loss (gangrene, ulceration) [6].  

 

Acute lower limb ischemia 

Acute lower limb ischemia (ALLI) represents a quickly developing or sudden decrease in 

limb perfusion, resulting in a potential threat to the viability of the extremity [1]. The 

hypoperfusion also impairs cardiopulmonary and renal function due to systemic acid-

base and electrolyte abnormalities [9]. The causes of ALLI include acute thrombosis of a 

limb artery or bypass graft, embolism from the heart, dissection and trauma [10]. A 

limb-threatening ischemic event is characterized acute if the duration of symptoms is 

less than 14 days, subacute between 15 days and 3 months and chronic after 3 months 

[11]. Α patient with ALLI often presents with the “5 P’s” of parasthesia, pain, pallor, 
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pulselessness, and paralysis (figure 3) and the incidence is about 1.5 cases per 10,000 

individuals per year [12]. Patients with ALLI have poor short-term outcomes, with a risk 

of amputation between 10% and 30% and a mortality rate of approximately 15% to 

20% in the first year, mainly in the peri-operative period [1,13]. 

 

 

 

Fig. 3: A patient with acute limb ischemia of right lower extremity  

 

 



36 
 

Classification 

During the first meeting of the European Society for Cardiovascular Surgery, in 1952, 

Fontaine et al. introduced a simple clinical classification of patients with chronic PAD. At 

that time hemodynamic measurements were not available, so the classification was 

based on the symptoms, signs and clinical presentation of PAD [15]. The Fontaine 

classification has 4 grades and is displayed in figure 4. Two decades later, in 1969, Yao et 

al presented the measurement of ankle-brachial index (ABI) using a 10 MHz Doppler 

probe suggesting an alternative way for the evaluation of PAD [16]. During the same 

period, Carter et al introduced the systolic pressure measurement in toe, ankle and arm 

using pneumatic cuffs. They demonstrated that systolic pressures were decreased in 

patients with atherosclerosis, thromboangiitis obliterans, or Raynaud's phenomena. 

Moreover, they found that systolic pressure expressed as percentage of brachial 

pressure was a good index for the evaluation of the overall disease compared to ankle-

to-toe pressure which could be a useful index for small distal artery disease [17]. 

Rutherford classification was proposed as a staging system for PAD, in the Society for 

Vascular Surgery/International Society for CardioVascular Surgery (SVS/ISCVS) 

Standards which were published in 1986 [18]. The classification was revised in 1997. 

Rutherford classified PAD into acute and chronic disease and associated clinical 

symptoms with objective findings such as ABI, toe pressure and pulse volume 

recordings. Rutherford's classification resembles Fontaine's classification, with the 

addition of objective noninvasive data [19]. The classification is demonstrated in figure 

4. 

On 2019, the Society of Vascular Surgery (SVS) Lower Extremity Guidelines Committee 

created the SVS Lower Extremity Threatened Limb Classification System [26]. This 

system correlates amputation risk with parameters such as wound extension, degree of 

ischemia and severity of foot infection (figure 5) and is titled WIFi (wound, ischemia, 

foot infection). Each of this fields takes a separate grade and the three grades are 
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combined to calculate the amputation risk and estimate the benefit of revascularization. 

WIFi classification has been evaluated in multiple trials and is also suggested for clinical 

use in the recent Global Vascular Guidelines of Chronic Limb-Threatening Ischemia [6]. 

 

 

Fig. 4: Fontaine stages and Rutherford categories for PAD 

 

 

Fig. 5: SVS WIFi classification system 
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Anatomic classification 

Fontaine's and Rutherford's classification are based on clinical history and physical 

examination of PAD patients. In order to select and plan the appropriate 

revascularization strategy, anatomic classifications systems have been introduced based 

on angiographic findings. The first classification system was proposed in 1975. It 

divided peripheral arteries into pelvic, thigh and calf vessels and each of these three 

segments took a score from 1 to 9 depending on the atherosclerotic lesions. The 

maximum score for each extremity is 27 [20].  Bollinger et al suggested an anatomic 

classification system with many similarities with the previous one, but it divided limb 

arteries into smaller defined segments which were given a score from 1 to 4 depending 

on the severity of atherosclerotic lesions. This system took also into consideration the 

number of atherosclerotic lesions (from single lesions to multiple lesions encompassing 

the majority of the segment) [21]. It has been reported in a small number of studies or 

trials but nowadays it is not used in clinical practice. Patients with DM presented 

different distribution of atherosclerotic lesions compared to patients without DM. 

Graziani et al, suggested an anatomic classification system which focused mainly on 

bellow-the-knee arteries (BTK). However, this system has been only used on DM 

patients with CLI and it was not validated for predicting symptom severity [22]. In 2000, 

14 societies from Europe and North America representing vascular surgery, 

interventional radiology and cardiology formed a consensus for the classification and 

treatment of PAD which was referred as Trans-Atlantic Inter-Society Consensus 

Document (TASC). This consensus was updated on 2007 (TASC II) included also 

societies from Australia, South Africa and Japan. TASC II divided lower extremities 

arteries into aoro-iliac and femoral-popliteal area and lesions were grouped into 4 

categories (A-D) according to the number of lesions, their length and their severity 

(figure 6). TASC A lesions are treated effectively with endovascular procedures. TASC B 

lesions have good results with endovascular procedures and this treatment must be the 
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first approach. TASC C lesions should be treated with surgical procedures and 

endovascular procedures can be performed in high risk patients and finally TASC D 

lesions should be always treated by open surgery [1]. However, multiple trials have 

shown excellent results in TASC C and D lesions using endovascular procedures [23-25]. 

The Global Vascular Guidelines of Chronic Limb-Threatening Ischemia which were 

published on 2019 introduced the Global Limb Anatomic Staging System (GLASS) as a 

new angiographic scoring system. GLASS was developed to facilitate clinical decision in 

CLI. It defines a preferred target artery path, and establishes stages of complexity for 

intervention.  Overall, it can predict the likelihood of limb salvage and on the same time 

to propose the best way to achieve it [6]. 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

Fig. 6: Trans-Atlantic Inter-Society Consensus II classifications for (A) Aorto-iliac and 

Femoro-Popliteal PAD 
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Treatment of PAD 

 

The goals of  therapy in patients with PAD are to relieve their exertional symptoms, to 

prevent the progression of systemic atherosclerotic disease, to decrease the risk for 

cardiovascular events or amputation and to improve their functional status and their 

quality of life. The appropriate assessment of risk factors, comorbidities, compliance 

with medical therapy and the regular follow-up of patients with PAD are important 

parameters to achieve these goals [1-2]. 

 

Risk factors modification 

Smoking cessation 

The significant association between smoking and cardiovascular diseases or PAD is 

evaluated and confirmed by multiple studies. Smoking cessation slows the progression 

to CLI and reduces cardiovascular associated mortality [3]. U.S. Public Health Service has 

published guidelines for efficient smoking cessation and cardiovascular societies 

recommend smoking cessation for all PAD patients. Nowadays, there are multiple 

treatment options including behavioral modification counseling and medical therapy 

with nicotine supplements (gum, nasal spray, transdermal patches) and antidepressant 

drugs such as bupropion hydrochloride sustained-release tablets. A combination of the 

above mentioned treatment options has better results as far as long-term rates of 

cessation compared to nicotine patches alone [4]. However, in cases of tobacco cessation 

failure, other methods such as hypnotherapy or acupuncture can be  also used [3]. 

 

Management of Diabetes Mellitus 

DM  has a significant role in the development of PAD and cardiovascular diseases [1].The 

benefits of glycemic control on microvascular disease such as diabetic retinopathy or 
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nephropathy in DM patients have been demonstrated in Diabetes Control and 

Complications Trial and the United Kingdom Prospective Diabetes Study. These studies 

showed also that intensive glycemic control was associated with reduction of 

cardiovascular events but had no effect on PAD and the risk for amputation [5-6]. 

However, glycemic control is essential in all DM patients with PAD. Metformin is used in 

clinical practice as the initial oral hypoglycemic agent. If additional therapy is necessary, 

drugs such as sulfonylurea, thiazolidinedione, a-glucosidase can be used. The goal for 

individuals with DM is to maintain a glycosylated hemoglobin A1c level lower than 7%. 

However, in patients with severe vascular diseases or limited life expectancy, the 

acceptable level can be higher (<8%) [2]. 

  

Management of Hypertension 

Hypertension is a major risk factor for PAD but there are not sufficient data to clarify if 

hypertension treatment can alter the progression of the disease and its complications 

[3]. Recent data showed that ACE inhibitors may offer protection against  major 

cardiovascular events (death, MI, stoke) in high risk PAD patients [7]. The International 

Verapamil-SR/Trandolapril Study (INVEST) also showed that all-cause death, nonfatal 

MI and nonfatal stroke can be reduced in PAD patients if appropriate control of 

hypertension is performed [8]. Angiotensin-converting enzyme inhibitors (ACEIs), 

calcium channel blockers, and diuretics can be effectively used for reduction of blood 

pressure. The recommended goal is to achieve a systolic blood pressure < 140 mm Hg 

and diastolic blood pressure < 90 mm Hg in all patients with PAD and especially CLI [2]. 

However, there are concerns about the possible worsen of ischemia in CLI, as a result of 

reduction of heart rate and blood pressure but it has not been proved so far.  
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Management of Hyperlipidemia 

Hyperlipidemia is associated with PAD and cardiovascular diseases. Aggressive LDL 

reduction must be offered to all PAD patients in order to reduce the risk of myocardial 

infarction, stroke and death as it is suggested by the National Cholesterol Education 

Program (NCEP) Expert Panel on Detection, Evaluation, and Treatment of High Blood 

Cholesterol in Adults (Adult Treatment Panel III) [9]. In patients with PAD, therapy with 

a statin not only reduces cholesterol concentrations, but also improves endothelial 

function [10]. The Heart Protection Study also demonstrated that allocation to 40 mg 

simvastatin daily reduced the rates of MI, stroke and revascularization therapies by 

about one-quarter [11]. Moreover, patients undergoing major lower extremity 

amputations and were on medium- or high-intensity statin therapy presented improved 

survival rates at one year in comparison with patients who were on low-intensity 

therapy [12]. The recommendation for patients with PAD is to achieve a serum LDL 

cholesterol concentration of less than 100 mg per deciliter and a serum triglyceride 

concentration of less than 150 mg per deciliter [13].  Therefore, lipid-lowering therapy 

with moderate or high intensity dose of a statin, is necessary for all patients with PAD to 

reduce all-cause and cardiovascular mortality [2]. 

 

Antithrombotic therapy 

Antiplatelet agents are strongly recommended for all symptomatic PAD patients to 

reduce the risk for major adverse cardiovascular events [2]. A metanalysis form 

Antiplatelet Trialists' Collaboration showed that antiplatelet therapy reduces the risk of 

fatal and nonfatal cardiovascular events from 11.9 % in the control group to 9.5 % in 

antiplatelet therapy group [14]. Aspirin is the traditional antiplatelet therapy in clinical 

practice and the American college of chest physicians recommended aspirin from 81 to 

325 mg daily in PAD patients [15].  However, there are multiple studies showing that 

alternatives to aspirin such as clopidogrel, ticlopidine, dipyridamole are more effective. 
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An RCT demonstrated that long-term administration of clopidogrel in patients with PAD 

is more effective in reducing risk of stroke, MI or cardiovascular death in comparison 

with aspirin [16]. Other agents such as ticagrelor and vorapaxar have been also 

evaluated by studies, but their benefits compared to clopidogrel have not been proven 

[2]. A recent metanalysis which evaluated the effectiveness of different agents such  as 

ticagrelor, ticlopidine, aspirin, picotamide, vorapaxar, and clopidogrel as single or dual 

antiplatelet therapy with aspirin demonstrated that clopidogrel monotherapy has the 

most favorable benefit-harm profile. Dual antiplatelet therapy (clopidogrel + aspirin) 

also reduces the rate of major amputation but increases the risk for severe bleeding 

[17]. Overall, antiplatelet therapy should be offered in all PAD patients, but there are not 

enough data to recommend the best antiplatelet agent for these patients [2]. 

 

Medical therapy for PAD 

Vasodilator drugs such as papaverine have been used for treatment of claudication, but 

their efficacy has not established. Moreover they lower systemic blood pressure and 

decrease resistance in normal vessels leading to reduction of blood flow to the affected 

limb and worsen of ischemia [18].  

Pentoxifylline, a xanthine derivative is a competitive nonselective phosphodiesterase 

inhibitor, which increases intracellular cAMP, activates PKA, inhibits TNF and reduces 

inflammation and innate immunity. Moreover, it improves red blood cell deformability 

and reduces blood viscosity and blood clot formation [3]. An RCT showed reduction in 

rest pain and sleep disturbance in CLI patients using Pentoxifylline [19]. However, 

recent studies have not confirmed this benefit, so it is not recommended in the 

treatment of CLI [2]. 

Cilostazol is a phosphodiesterase III inhibitor which can be used for the treatment of 

intermittent claudication. It promotes vasodilation, increases HDL and decreases 

https://en.wikipedia.org/wiki/Xanthine
https://en.wikipedia.org/wiki/Phosphodiesterase_inhibitor
https://en.wikipedia.org/wiki/Phosphodiesterase_inhibitor
https://en.wikipedia.org/wiki/Phosphodiesterase_inhibitor
https://en.wikipedia.org/wiki/TNF_inhibitor
https://en.wikipedia.org/wiki/Anti-inflammatory
https://en.wikipedia.org/wiki/Anti-inflammatory
https://en.wikipedia.org/wiki/Anti-inflammatory
https://en.wikipedia.org/wiki/Innate_immunity
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triglyceride levels [3]. Four RCTs, enrolling patients with claudication, demonstrated 

improved pain-free and maximal treadmill walking distance using 100 mg of Cilostazol 

twice daily [18]. As far as CLI patients, a study showed that Cilostazol combined with 

endovascular revascularization induced higher rates of limb salvage but has no effect  in 

total survival or freedom from further revascularization [20]. Therefore, Cilostazol is 

recommended as initial therapy for patients with mild to moderate intermittent 

claudication but not in patients with CLI. 

 

Diet and exercise 

In order to prevent the progression of systemic atherosclerotic disease and decrease the 

risk for cardiovascular events, apart from the above mentioned pharmacologic 

treatments, diet and exercise can also help to achieve this goal. A diet high in 

carbohydrates and saturated fats increases the risk for cardiovascular events. On the 

other hand, a diet with low intake of saturated fats, and high intake of  monounsaturated 

fats, omega-3 fatty acids, antioxidants and other natural plant sterols can reduce 

effectively the rate of cardiovascular events and mortality [21].  

Exercise improves maximal treadmill walking distance and the quality of life in PAD 

patients. A metanalysis showed that regular exercise increases pain-free walking time 

by 180% and maximal walking time by 150% in patients with IC [22]. The mechanism is 

based on the improvement of oxygen extraction in the legs, in endothelial vasodilator 

function and muscle carnitine metabolism with exercise [18].  Regular aerobic exercise 

apart from improvement of PAD symptoms, reduces also the risk for cardiovascular 

events. Therefore a supervised exercise program with at least three sessions per week 

and daily walking is the most effective symptomatic therapy for patients with IC  [3].  
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Revascularization 

In cases without limb threatening ischemia, symptoms of PAD tend to remain stable 

with medical therapy and lifestyle modifications. In these patients, with mild or 

moderate intermittent claudication, performing a surgical or endovascular prophylactic 

intervention, provides little benefit and on the same time increases the risk for vessel 

damage and other possible complications. On the other hand, patients presenting with 

severe IC impacting on the quality of life or CLI (rest pain, ulceration, gangrene) must 

undergo revascularization in order to preserve limb function. However, in patients with 

extensive ischemic disease and severe comorbidities, the prognosis is poor even with 

revascularization and may require amputation. Revascularization strategies include 

either endovascular procedures such as percutaneous transluminal angioplasty (PTA) 

with or without stent deployment or surgical procedures such as lower extremity by-

pass (using autologous venous or synthetic grafts) and endarterectomy [23]. Although 

there are multiples studies evaluating the results of each revascularization therapy, 

there are limited high-quality data to support evidence-based revascularization. The 

traditional method of choice between endovascular or surgery first approach was based 

on TASC II classification of the disease [1]. However, as it is referred in the previous 

section, there are multiple trials that demonstrated excellent results in TASC C and D 

lesions using endovascular procedures. Moreover, some patients would benefit from 

revascularization treatment and other not. Overall, TASC II focused only on the number, 

location and severity of atherosclerotic lesions and didn't evaluate the severity of limb 

ischemia and clinical status of patient. The recently published Global vascular guidelines 

on the management of chronic limb-threatening ischemia, sponsored by the 3 leading 

vascular societies [the European Society for Vascular Surgery (ESVS), the Society for 

Vascular Surgery (SVS), and the World Federation of Vascular Societies (WFVS)], try to 

approach the patient in a holistic way taking into consideration clinical status, limb 

threat assessment according to WIFi classification and anatomic assessment of 
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atherosclerotic lesions according to GLASS classification [2]. Global guidelines propose a 

three-step integrated approach (PLAN) for the efficient selection of revascularization 

strategy which is based on patient risk estimation, limb staging and anatomic pattern of 

disease. Patient risk estimation assesses the patients according to periprocedural risk, 

life expectancy and candidacy for limb salvage. Limb staging is based on WIFi 

classification system and anatomic pattern of disease on GLASS classification. The plan 

framework of clinical decision in CLI is displayed in figure 1. However there are many 

cases without improvement after revascularization. The presumed benefit of 

revascularization is associated with the severity of ischemia and limb threat as it is 

displayed in figure 2. Patients with mild ischemia are successfully treated conservatively 

with infection control and wound care, whereas patients with severe ischemic lesions 

and high degree of limb threat according to WIFi stage present the maximum benefit 

after successful revascularization. As far as the affected areas, inflow disease (which 

refers to lesions proximal to SFA) is generally treated with endovascular procedures. 

Surgery is performed only in extensive occlusions or after failed endovascular 

revascularization. Outflow (infraguinal) disease (distal to SFA origin) is usually treated 

by endovascular approach and surgery is indicated in patients with GLASS stage III 

lesions and WIFi stage 3 or 4 as it is displayed in figure 3. 
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Fig. 1: PLAN framework of clinical decision-making in CLI 

Conte MS, Bradbury AW, Kolh P, et al. Global vascular guidelines on the management of chronic 

limb-threatening ischemia. J Vasc Surg 2019;69(6S):3S-125S.e40.  
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Fig. 2: Benefit of performing revascularization in CLI. 

Conte MS, Bradbury AW, Kolh P, et al. Global vascular guidelines on the management of chronic 

limb-threatening ischemia. J Vasc Surg 2019;69(6S):3S-125S.e40.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: Preferred initial revascularization strategy for infrainguinal disease. 

Conte MS, Bradbury AW, Kolh P, et al. Global vascular guidelines on the management of chronic 

limb-threatening ischemia. J Vasc Surg 2019;69(6S):3S-125S.e40. 
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Endovascular Revascularization 

Endovascular procedures are the favored approaches in many centers because of the 

lower mortality and morbidity compared to surgical procedures. IM is usually treated by 

inflow revascularization whereas CLI is associated with multilevel disease and requires 

both inflow and outflow revascularization [23].  

Aorto-iliac disease should be treated in patients with severe IM, CLI, blue toe syndrome 

and vasculogenic impotence. Ipsilateral or contralateral approach can be selected and a 

variety of different catheters and guide-wires can be used to traverse the stenotic or 

occluded segments. However, the most commonly used vascular access is retrograde 

CFA access. Stenoses are normally crossed with soft or hydrophilic wires whereas total 

occlusions may required contralateral access and sometimes subintimal recanalization. 

Iliac stent placement is indicated after inadequate PTA due to elastic recoil. Significant 

residual stenosis is defined as an >30% residual stenosis on final angiography or 

residual peak to peak systolic pressure gradient > 5 mm Hg [24]. Both primary stenting 

(stent placement after PTA) or direct stenting (stent placement without predilatation) 

are acceptable for treatment of occlusions in iliac arteries. Various types of stents can be 

used. Balloon-expandable stents offer greater radial force and a more precise 

deployment in comparison with self-expanding stents which are useful in long tapered, 

tortuous and less calcified lesions. Covered stents are useful in cases of isolated iliac 

aneurysms, iatrogenic ruptures and arteriovenous fistulas. Their role for restenosis 

prevention is still uncertain [23,24].  

SFA is a common site for atherosclerotic disease and the lesions are typically long with 

diverse clinical presentation. As it previously described, patients with average-risk 

(anticipated periprocedural mortality < 5%, anticipated 2-year survival >50%) are 

treated based on WIFi and GLASS stage (figure 3). On the other hand, high-risk patients 

are treated almost always with endovascular procedures because of lower morbidity 

and mortality [2]. Ipsilateral antegrade approach can be used for mid and distal 



53 
 

femoropopliteal lesions, whereas contralateral retrograde or ipsilateral retrograde 

approach via popliteal artery can be performed in proximal SFA lesions. The lesions can 

be crossed either endoluminally or subintimally using hydrophilic wires. After PTA, 

multiple stents can be placed across the site of residual stenosis due to long length of  

SFA lesions [25]. In cases of rigid calcified plaques, stent expansion may be incomplete 

with significant residual stenosis. In these cases, percutaneous atherectomy can be 

performed. Atherectomy devices remove atherosclerotic plaque and combined with 

low-pressure PTA prepare arteries for efficient stent placement. There are multiple 

atherectomy techniques such as extractional atherectomy, rotational atherectomy, laser 

atheroablation and orbital atherectomy [26].   

As far as tibial disease, it is rarely treated in patients with IM and is more commonly 

pursued in patients with CLI in order to obtain relief from ischemic rest pain, facilitate 

ulcer healing and prevent limb loss. A direct antegrade CFA approach is preferable 

because it offers efficient pushability and trackability for devices to cross extensive 

calcified lesions. The stenoses are typically crossed with 0.018 or 0.014 inch guide wires 

and PTA balloon and stent dimensions are chosen according to the reference vessel 

diameter and lesion length. Efforts should be also focused to improve tibial runoff as the 

vessels may be occluded rapidly without adequate outflow [27]. Three cases of 

successful endovascular revascularization are demonstrated in figures 4, 5 and 6. 

 

 

 

 

 

 

Fig. 4: A 67 y ear old patient  with sever e int ermittent  claudication. (A) DSA showed a hemodynamic 

significant st enosis in proximal right  poplit eal  artery. (B ) The stenotic  lesion was s uccessfully treated by 

PTA and stent  deployment 
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Fig. 5: A 68-year-old male patient with CLI of right lower extremity. (A) DSA showed total 

occlusion of right SFA and (B) reconstruction of popliteal artery via collaterals. (C) Through 

percutaneous approach from the left common femoral artery, the occlusion was traversed with a 

hydrophilic guide wire. (D) The patient underwent successful PTA and stent placement. (E) Final 

DSA showed significant flow restoration. 

 

 

 

 

 

 

 

 

 

 

 

Fig.6: A 56-year-old male patient with CLI of both lower extremities (ischemic rest pain). (A) DSA 

showed total occlusion of both external iliac arteries. (B) Through retrograde approach from 

both common femoral arteries, the occlusions were traversed and patient underwent PTA and 

stent deployment. (C) Final DSA showed significant flow restoration and extinction of collateral 

vessels. 

A B C 
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Angiosome-guided revascularization 

Thirty years ago, Taylor and Palme introduced the angiosome theory in their anatomical 

study [28]. An angiosome is defined as a 3-dimensional block of tissue comprising of the 

skin, subcutaneous tissue, fascia, muscle, and bone drained by specific vessels (figure 7). 

During revascularization procedures, target vessel is usually selected based on the 

quality of outflow and its runoff. Angiosome-guided revascularization characterizes the 

direct recanalization of the artery that supplies ischemic angiosome and is associated 

with improved would healing and increased limb salvage in several studies [29-30]. On 

the other hand, not all lesions can be treated based on the angiosome model because of 

limitations such as difficult access to the vessel or anatomical anomalies and this theory 

is also not applicable in by-pass surgery because the least affected artery is selected as 

the outflow vessel. Moreover many foot lesions have dual supply and whereas wound 

healing is improved with direct revascularization, major amputation rate is not affected. 

Angiosome-guided revascularization is still under debate about its benefits for foot 

perfusion improvement, so further studies including imaging techniques are necessary 

to evaluate its advantages. 

 

 

 

 

 

 

 

 

Fig. 7: Angiosomes of the foot and ankle. Three main arteries  supply the six angiosomes  of the foot and 

ankle. Bosanquet  DC, Glasbey JC, Williams  IM, Twine CP. Systematic review and meta- analysis of direct 

versus indirect angiosomal revascularisation of infrapopliteal arteries. Eur J V asc Endovasc Surg. 

2014;48(1):88-97. 

https://www.sciencedirect.com/topics/medicine-and-dentistry/subcutaneous-tissue
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Surgical revascularization 

Open surgical revascularization can also increase blood flow to the affected limb, 

promote wound healing and decrease the risk and level of amputation. Common femoral 

endarterectomy is the gold standard treatment for CFA lesions with high technical 

success and long-term patency. In cases that endovascular revascularization is not 

indicated, lower extremity bypass can be performed. Surgeons create an alternative 

conduit for blood flow to circumvent the area of atherosclerotic lesions and restore 

tissue perfusion. There are different procedures according the location of lesions and 

normal target vessels such as aortobifemoral bypass, contralateral femorofemoral 

bypass, femoropopliteal bypass and axillary-femoral bypass [31]. Great saphenous vein 

is typically chosen for bypass because it provides better long-term patency rates but 

human umbilical vein and prosthetic grafts from polytetrafluoroethylene (PTFE) or 

Dacron can be also used [23]. However, this is a major surgical procedure which is 

performed under general anesthesia and is associated with higher rate of 

periprocedural and postprocedural complications in comparison with endovascular 

procedures [32]. Multilevel disease may require hybrid revascularization using both 

endovascular procedures for inflow disease and surgical procedures for outflow disease.  

Amputation 

In patients with extensive ulcers or gangrene of foot, amputation may be necessary. 

Minor (toe, metatarsal) amputations can be performed in patients with gangrene or 

small ulcers but require adequate blood flow to the affected limb and they are usually 

performed after revascularization. On the other hand, major amputations can be applied 

in patients with extensive tissue loss or infection after failed revascularization. These 

amputations limit functional independence and a prosthetic limb is necessary for 

walking. Moreover they are associated with poor healing and may require further 

surgical procedures or amputations to treat the affected areas [1,2, 23]. 
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Evaluation of PAD 

A comprehensive medical history and clinical examination are necessary for patients at 

increased risk for PAD. According to ACC/AHA guidelines all patients with symptoms 

such as intermittent claudication, impaired walking function and non-healing wounds 

should be further evaluated with ankle-brachial index measurement (ABI) and imaging 

studies [1]. The effective treatment of PAD and especially CLI is based on appropriate 

classification of the disease which relies on successful evaluation of patients. Recent 

technologic advances have made the diagnosis and imaging of PAD more accurate which 

allows better planning for revascularization strategy. Apart from physical examination, 

there are noninvasive tests for patients screening, stratification and evaluation of 

outcome after treatment. These tests can be divided in two broad categories: functional 

tests such as ankle-brachial index (ABI), segmental limb pressures, pulse volume 

recordings (PVRs) and oxygen testing and anatomic/radiologic tests such as color 

duplex ultrasound (CDUS), computed tomography angiography (CTA) and magnetic 

resonance angiography (MRA). The above mentioned tests may differ across hospitals 

and health systems according to the local practice, availability of the modalities and 

training of doctors and technologists [2].  

 

Physical examination 

Patients with suspected PAD or CLI should be initially evaluated with physical 

examination. Patients should be relaxed and acclimatized in room temperature. The 

physicians can recognize sings of the disease such as dry and cool skin, muscle atrophy 

or dystrophic toenails. Moreover, palpation of lower extremity pulses can depict the 

extension and distribution of the disease but this a specific and not sensitive clinical test 

[3]. Auscultation of bruits of femoral artery at the groin and distally can be also 

performed but it is a poor sensitive examination. It is also very important during clinical 
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examination to recognize signs of sensory and motor neuropathy because it is 

associated with progressed PAD or sudden cyanotic discoloration of toes as a result of 

atherothrombotic microembolism from proximal arteries (blue toe syndrome) [4]. 

 

Ankle-brachial index 

ABI is calculated by the ankle systolic blood pressure divided by brachial artery systolic 

blood pressure. Both brachial pressures should be measures and if there is difference 

between them, the higher pressure is selected. In cases with a greater than 15 mm Hg 

difference between them, peripheral upper extremity disease is suspected. As far as 

ankle systolic blood pressure, it is measured from both dorsalis pedis and posterior 

tibial arteries after the patient has been at rest in the supine position for ten minutes 

and the greater pressure from each side is used for calculation of ABI . Normal values 

ranged between 0.9 and 1.29. An ABI between 0.5 and 0.89 is associated with mild or 

moderate, PAD whereas an ABI lower than 0.5 is associated with severe PAD or CLI. 

Values greater than 1.4 are a result of noncompressible calcified arteries especially in 

diabetic or elder patients which also suggest severe PAD and require further evaluation. 

ABI calculation is a simple, cheap and noninvasive test for the initial screening of 

suspected population, quantification of the severity of PAD and prediction of the risk for 

future cardiovascular events. Furthermore, it is also used as a surveillance test during 

follow-up of PAD patients [3,4].  A prospective cohort study included 3209 patients with 

a mean follow-up duration of 8 years showed that ABI is a strong and independent 

predictor of mortality [5]. Moreover, it is found to be a valid method for cardiovascular 

risk assessment, independent of standard risk factors and other subclinical 

cardiovascular diseases [6].  However, ABI can underestimate the severity of PAD 

especially in cases of tissue loss or presents false results in patients with heavily 

calcified vessels [2].  
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Segmental limb pressures and segmental pulse volume recordings 

Segmental limb pressures can provide an initial indication of the anatomical location of 

atherosclerotic lesions. A series of blood pressure cuffs are placed at various levels of 

upper and lower extremities and systolic blood pressure is obtained. The recommended 

location of the cuffs for lower extremity are the upper thigh, lower thigh, upper calf and 

ankle. A difference greater than 30 mm Hg between two segments or between the two 

limbs at the same segments suggests significant stenosis at this area. Segmental limb 

pressures measurement is useful in patients without calcified vessels because arterial 

calcification can lead to false results [2,7]. This restriction can be overcome using 

segmental pulse volume recordings (PVRs) which are not altered by calcium. PVR is a 

noninvasive test which evaluates extremity flow. It depicts a graph of the pulsatile 

change in limb blood flow using constant pressure from blood pressure cuffs at various 

levels like segmental limb pressures. PVRs utilize the principle of plethysmography 

which detects segmental volume changes during cardiac cycle. This test can be 

performed as a preliminary test in patients with suspected PAD to evaluate i f symptoms 

are a result of atherosclerotic disease. Moreover it can be used as surveillance test to 

follow-up patients with PAD and should be considered as a part of complete noninvasive 

examination [3,8].  

Treadmill test 

Treadmill test can be performed in patients with borderline ABI with symptoms of PAD. 

Moreover, it is useful for differential diagnosis between vascular claudication and 

neurologic claudication and for assessment of treatment efficacy during follow-up. 

Testing can be performed on a treadmill or in case of unavailability with walking test 

[4]. There are different variations for treadmill test, but the typical test is performed on 

a treadmill walking at 3.2 km/h with a 10% slope. A pressure drop > 20% confirms the 

arterial origin of symptoms [9]. Patients who cannot perform treadmill exercise can be 
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tested with active plantar flexion which has excellent correlation with treadmill test 

[10]. 

Transcutaneous measurement of oxygen partial pressure 

Transcutaneous measurement of oxygen partial pressure (TcPO2) is a noninvasive 

method to measure PO2  at the skin surface. TcPO2 measurement can assess local oxygen 

diffusion from the capillary bed through the skin epidermis which reflects the 

microvacsular status in the skin (figure 1). It is very useful for quantification of PAD, 

prediction of ulcer healing and determination of the optimum level for amputation. 

Moreover, it does not disturb tissue around the wound and eliminates the risk of 

infection as a noninvasive technique [11]. In patients with tissue loss, TcPO2 should be 

considered before and after revascularization to estimate the benefit of treatment [4]. 

Furthermore, a recent study demonstrated that a low TcPO2 ( <25 mm Hg) is an 

independent prognostic marker for 1 year mortality in patients with DM and diabetic 

foot ulcers [12]. However, TcPO2 measurements are affected by tissue edema, 

inflammation and vasoconstriction. Apart from that, it is not an imaging modality and 

there is lack of anatomic information, provided by this examination [2].  

 

 

 

 

 

 

 

 

Fig. 1: TcPO2 recording using an adhesive s ensor on the dorsal aspect  of the foot  

Thottiyen, S. et al . Ankle Br achial  Index vs Transcut aneous Partial  Pressure of Oxygen for Predicting Healing 

of Diabetic Foot Ulcers with Peripheral  Arterial Disease: a Comparative Study.  Indian J Surg (2020). 
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Color Doppler Ultrasound  

Color Doppler Ultrasound (CDUS) uses the combination of grey scale (B -mode) and 

color pulsed-wave Doppler technique. This combination provides information not only 

for the anatomic location and extent of disease but also for velocity and flow volume in 

the vessels [13].  CDUS is a noninvasive, safe and low cost modality and it is usually the 

first imaging examination for PAD evaluation and the only one available for some health 

care settings. CDUS is indicated for assessment of stenosis or occlusion in PAD patients, 

for surveillance of previous endovascular or surgical interventions, for anatomic 

mapping before intervention and further assessment of vascular abnormalities such as 

pseudoaneurysms, vascular injuries and malformations [2]. The excellent tolerance and 

lack of radiation exposure make CDUS the method of choice for routine follow-up (figure 

2). Furthermore CDUS is a useful tool for real time guidance during endovascular 

procedurals [3]. However, there are difficulties and pitfalls during examination as a 

result of bowel gas and movement, highly calcified vessels and body habitus. Moreover, 

it is a time-consuming examination and highly operator dependent. It cannot also 

provide full arterial imaging and another imaging modality is often necessary before 

endovascular/surgical revascularization [4]. 

 

 

 

 

 

 

 

 

Fig. 2: A 80 year-old female patient with CLI successfully treated with PTA and st ent deployment in an 

occlusion of left common and external iliac artery. CDUS demonstrated excellent stent  pat ency without signs  

of restenosis.  
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Computed tomography angiography 

Computed tomography angiography (CTA) using multidetector computed  

tomography (MDCT) quickly generates high-resolution, contrast-enhanced images 

depicting the arterial tree in multiple planes or in 3-dimensional reconstructions. MDCT 

evolution resulting in increased speed of scanning and greater longitudinal field of view. 

Moreover, the development of advance-processing techniques offered maximum 

intensity projection (MIP) images which are useful for evaluation of the degree of 

stenosis especially in tortuous vessels and volume rendered (VR) 3D reconstructions 

which can provide a global overview for the depiction of pathology (figure 3) [13]. It is 

the primary diagnostic modality for vascular diseases in many institutions and it is used 

for the evaluation of atherosclerotic lesions in PAD patients but also in cases of 

congenital abnormalities, traumatic or iatrogenic injuries, inflammatory vascular 

diseases and aneurysms. Moreover, it is a useful tool for arterial mapping and 

assessment of revascularization strategy before treatment (figure 4). Finally, it can 

depict the results of endovascular and surgical procedures and their complications, so it 

can be performed as a surveillance examination in patients with non-diagnostic CDUS 

[14]. The accuracy of CTA for assessing atherosclerotic lesions is excellent as it is 

demonstrated by a metanalysis by Met et al. The reported sensitivity and specificity for 

aortoiliac stenoses were 96% and 98% respectively and for femoropopliteal region 

were 97% and 94% respectively [15]. Moreover, CTA is superior to other imaging 

modalities for evaluation of restenosis inside metallic stents or stent grafts [16]. 

However, CTA is associated with significant doses of ionizing radiation and the usage of 

iodinated contrast may induce nephropathy in patients with pre-existing renal 

insufficiency. On the other hand, modern CT scanners and imaging protocols offer 

contrast and radiation dose reduction while maintaining image quality [2,3]. Another 

limitation of CTA is observed in patients with extensive and dense vessels calcifications. 

These calcification have high attenuation leading to blooming artifact and 
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overestimation of stenosis. Dual-energy CTA may be a promising technique to minimize 

this artifact [13].   

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: Peripheral CTA of lower limb arteries. (A) volume rendered (VR) 3D reconstruction image 

and (B) maximum intensity projection (MIP) image. 

  

 

 

 

 

 

 

 

 

Fig. 4: Peripheral CTA of lower limb arteries in a patient with severe intermittent claudication. 

(A) VR 3D reconstruction image and (B) MIP image demonstrate a hemodynamic significant 

stenosis in right superficial femoral artery. 

A B 
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Magnetic  resonance angiography 

Magnetic resonance angiography (MRA) provides excellent angiographic images 

without radiation exposure and iodinated contrast administration. It can be performed 

either using contrast-enhanced (CE-MRA) techniques after intravenous administration 

of paramagnetic contrast or using non-contrast enhanced, flow-sensitive techniques 

such as time of flight (TOF) MRA, steady state free precession MRA and phase-contrast 

MRA [13]. Multiple studies demonstrated significant correlation between MRA and DSA 

(figure 5). MRA sensitivity and specificity in PAD ranged between 93% and 100% [4]. A 

metanalysis by Collins et al, also showed that MRA is associated with superior sensitivity 

and specificity for the detection of >50% stenoses in comparison with CTA and CDUS 

[17]. As far as, non-contrast MRA, TOF is rarely performed in lower extremity imaging 

because it is susceptible to motion due to prolonged imaging acquisition times. Phase 

contrast MRA was the first non-contrast technique for peripheral arterial imaging. It is 

associated with reduced acquisition time and fewer artifacts in comparison with TOF 

but it is rarely used nowadays due to more advanced techniques. 

Electrocardiographically (ECG) gated partial-Fourier fast spin echo (FSE) is a new 

technique which can exploit the difference in arterial and venous flow during cardiac 

cycle. However, it has lower sensitivity and specificity compare to CE-MRA. A recent 

developed technique is Quiescent-interval single-shot (QISS) MRA. It surpasses the 

disadvantages of the above mentioned techniques, as it includes shorter acquisition time 

and reduced sensitivity to patient motion (figure 6) [18].  

MRA is accompanied by several limitations. It cannot be performed in patients with 

pacemakers or metal implants, claustrophobia and severe renal failure in cases that a 

CE-MRA is indicated. Other limitations include overestimation of stenoses and 

difficulties to visualize in-stent stenosis. Moreover, failure of MRA to depict vessel 

calcifications may affect the revascularization treatment planning. Finally, there is 

limited availability of advanced MRI technology in many centers [3].  
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Fig. 5:  Coronal contrast-enhanced MR angiographic  maximum intensity  projection images  using (A) 1.5T  

and (B) 3T contrast-enhanced MR angiography and (C) digit al subtraction angiography. Van den Bosch H, et  

al. 3T v ersus 1.5T MR angiography in peripher al arterial occlusive disease: an equivalence trial  in 

comparison with digital  subtraction angiogr aphy. J Cardiovasc  Magn Reson. 2012;14(Suppl 1):P139 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: Non-contrast MRA. (A) TOF and (B) 3D Fast s pin echo (FSE) at  3T. Pollak AW, Norton PT, Kramer CM. 

Multimodality imaging of low er extremity peripheral arterial dis eas e: current role and future 

directions. Circ Cardiovasc Imaging 2012;5(6):797-807. 
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Digital subtractive angiography 

Digital subtractive angiography (DSA) was considered the gold standard modality for 

vascular imaging for decades. Nowadays, it is rarely performed for diagnosis of PAD, as 

there is availability of less invasive modalities such as CDUS, CTA and MRA which are 

accompanied by less radiation and without complication inherent to arterial puncture 

(hematoma, dissection, pseudoaneurysm) [10]. However, many physicians still prefer it 

because it allows diagnosis and treatment at the same setting. In DSA, images are 

produced after contrast administration and radiopaque structures such as bones are 

subtracted digitally form the image, allowing accurate depiction of vessels. For aorta and 

peripheral arteries, a retrograde transfemoral approach is usually performed. 

Transradial or transbrachial approach can be also used if femoral access is not possible 

[4]. In patients with severe CKD or allergy to iodinated contrast, CO2 angiography can be 

performed. The diagnostic accuracy is lower compared to DSA but it can still provide 

diagnostic images [3].  

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: Conventional and digital  subtractive angiography (DSA) of aortic bifurcation and iliac  arteries. 
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PART II 

 

Evaluation of percutaneous 
transluminal angioplasty outcome in 
patients with peripheral arterial 
disease using modern medical 
imaging techniques (CT and MR 
perfusion) 
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Purpose of PhD Thesis 

 

The goals of PhD thesis are: 

 to emerge hypoperfusion of lower extremities in patients with CLI using CT and 

MR perfusion techniques. 

 to estimate PTA results using CT and MR perfusion techniques. 

 to compare the abilities of different  MR perfusion techniques. 

 to correlate the lower limb perfusion results with the clinical outcome of 

patients after PTA and their imaging studies (CDUS, CTA) as part of their follow-

up to determine the potential prognostic value of CT/MR perfusion techniques. 
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Evaluation of percutaneous 
transluminal angioplasty outcome in 
patients with critical limb ischemia 
using CT foot perfusion examination 

Materials and Methods 

Study design 

In order to be included in this protocol, patients had to present with CLI (either rest pain 

or minor/major tissue loss, Rutherford categories 4-6). Additionally, anatomic 

distribution of atherosclerotic lesions and patients' comorbidities/overall clinical status 

should make them suitable for endovascular revascularization. Initially, patients 

underwent diagnostic CTA in order to determine anatomic distribution of arterial 

disease and then the treatment plan was decided in a multidisciplinary manner, 

according to standard institutional protocols and common practice. Moreover, patients 

had to be in a position to understand the purpose of the study, comply with the follow-

up protocol and provide informed consent.  

Patients presenting less advanced PAD, not classified as CLI were excluded. Similarly, 

patients that underwent surgical revascularization or those in whom either a 

conservative approach or a primary amputation was performed, were also excluded. 

Patients presenting with acute limb ischemia (duration of symptoms <2 weeks, 

according to TASC II definition) were not considered to comply with the aim of the 

study. Allergy to iodinated contrast, moderate or severe renal impairment (GFR < 45 

mL/min), congestive heart failure and severe cardiac rhythm anomalies, were also 

considered as exclusion criteria. 

Selective patients that fulfilled the abovementioned criteria were subjected to CT foot 

perfusion examination (CTFP) of the affected foot. Subsequently, the endovascular 

procedure was carried out and technical success was defined as a residual stenosis less 
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than 30% without flow-limiting dissection in the target lesion. Enrolled patients 

underwent a second CTFP examination within 1st week after treatment. All patients 

were followed-up with clinical examination at 1, 3, 6 and 12 months and color Doppler 

ultrasound combined with clinical examination on an annual basis.  

Clinical evaluation and measurement of ABI was performed by vascular surgeons before 

PTA, after PTA and during follow-up. Analysis and evaluation of CTFP was performed by 

two blinded radiologists, a resident in radiology with 4 years experience in CT and a 

senior professor of Radiology and Interventional Radiology with 29 years experience in 

vascular imaging. 

The study was approved by the local ethic committee and all patients provided written 

informed consent prior to study enrollment. 

 

Study population 

Between April 2016 and May 2017, 22 selective patients enrolled in this study. 

Technical success was achieved in 19 patients and thus 3 patients were excluded from 

subsequent analysis. These patients presented multilevel occlusive disease (TASC D) 

with extensively calcified vessels and were initially judged high risk for surgical 

revascularization. Subsequently, after failed endovascular intervention and following 

extensive discussion of the procedural risks, these patients underwent successful 

surgical revascularization (2 axillo-femoral and 1 femoro-popliteal bypass). Moreover 

one patient, who underwent successful PTA, died before post-PTA CTFP. Totally, 13 

subjects (10 male, 3 female) were included in the analysis, because CTFP evaluation was 

not feasible in 5 examinations. The median age was 72 years (range 51-84 years). 

According to Rutherford classification of PAD, one patient was allocated to class 4, eight 

patients to class 5 and four patients to class 6 PAD. Patients' main risk factors were 

hypertension (n=10), hyperlipidemia (n=9), diabetes mellitus (n=9), smoking (n=11), 
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coronary artery disease (n=4) and previous endovascular or surgical procedure (n=4). 

Clinical data of patients are displayed in table 1. 

 

Table 1: Clinical data of study population 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Imaging protocol 

All studies were performed on a 128-slice CT scanner (Revolution GSI, GE Healthcare, 

USA) at a room temperature. Patients were examined in the supine position and the 

angiography scan was obtained in the craniocaudal direction. The position of both feet 

was stabilized with an adhesive tape during the examination. CTA was performed with a 

standard CTA protocol from the diaphragm to the feet after injection of 110 ml of 

iodinated non-ionic contrast medium (Ultravist 370, iodine at 370 mg/ml Bayer 
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Schering Pharma AG, Leverkusen, Germany) followed by 50 mL of saline solution at a 

flow rate of 4 mL/s.  

The patients also underwent foot perfusion examination before and within the 1st week 

after endovascular treatment. The acquisition scanning length was 14 cm, enab ling 

imaging of the entire foot and ankle. A shuttle mode technique was employed with the 

following parameters: 0.625 mm×64 mm collimation (coverage 40 mm), 0.4 s gantry 

rotation time, pitch of 1.375, 1.25 mm reconstruction interval thickness, number of 

passes 28, time per pass 1.7 s, 80 kVp tube voltage, reference tube current 220 mAs and 

total acquisition time 47.7 s. Images were obtained after injection of 40 ml of iodinated 

non-ionic contrast medium followed by 30 mL of saline solution at a flow rate of 4 mL/s. 

Scan delay was individualized for each patient, using GE’s proprietary bolus-tracking 

software (SmartPrep) to capture 100 HU in ascending thoracic aorta in order to assess 

the arrival of contrast medium in the examined area. 

The dose-length product (DLP) of each CT perfusion examination was recorded. The 

mean DLP was used to estimate the mean effective dose using a conversion coefficient of 

0.0002 mSv·mGy-1·cm-1 [1].  

 

Image analysis 

CT perfusion images were transferred to a dedicated workstation (AW server 3.2, GE 

Medical Systems) and analyzed using commercial CT software (CT-Perfusion-4D, GE 

Medical Systems). CT-Perfusion-4D utilizes two computational algorithms: 

deconvolution and standard algorithm. CT perfusion maps of various hemodynamic 

parameters such as blood volume [BV], blood flow [BF] and permeability surface [PS] 

were created (figure 1) via deconvolution algorithm which is based on the convolution 

model. Deconvolution analysis uses arterial and tissue time-concentrations curves to 

compute impulse residue function (IRF) for the tissue. The advantage of this algorithm is 

that it corrects time delay in contrast kinetics taking into account the actual injection 
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rate of contrast and offers a more accurate estimation of IRF. In this study, the time-

attenuation curve of the input artery was obtained by placing a region of interest (ROI) 

on the posterior tibial artery of the affected limb. If this artery was occluded or highly 

calcified, the ROI was placed in anterior tibial artery or peroneal artery at the ankle 

level. Subsequently, multiple ROIs of same size were placed around the entire foot, on 

the dermis and muscle tissues on the dorsal and plantar aspect of the foot and the heel 

in the same region in the pre- and post-procedure examination. The change in the 

relative perfusion parameters before and after endovascular treatment was calculated. 

Studies from 6 patients were examined by a second observer to determine inter-

observer reproducibility.  

 

Fig 1:  (A) Axial CT image of left  foot. Axial perfusion maps of left foot for hemodynamic  parameters  such as  

permeability surface (B), blood volume (C) and blood flow (D). Note the "red" pseudo-hyperpefusing l ines  

along the margins  of bones  which are typical signs of motion artifacts on a perfusion map (arrows).  

 

Statistical analysis 

Statistical analysis was performed with MedCalc (version Medcalc Software, Mariakerke, 

Belgium). Wilcoxon signed rank tests were used to compare pre- and post-procedure 

perfusion parameters i.e. BV, BF and PS. The increase of ABI was also tested with 

Wilcoxon signed rank test. Mann-Whitney test was employed to compare perfusion 

parameters percent change between dermis and muscle tissue regions, which was 

defined as the percentage change of parameter values between pre- and post-PTA CTFP. 
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It was also used to compare perfusion parameters values between patients with clinical 

improvement, without any amputation after PTA and patients who finally underwent 

amputation. Correlation between perfusion parameters increase and ABI increase was 

evaluated with Spearman's rank correlation coefficient, due to the fact that the 

distribution of data was not normal, as it was tested with Kolmogorov-Smirrnov test. 

ROC analysis was performed to evaluate the potential of each perfusion parameter to 

discriminate patients with clinical improvement, without any amputation and patients 

with poor clinical improvement who underwent an amputation after PTA. Interobserver 

agreement was measured with intra-class correlation coefficient (ICC). Amputation-free 

survival was evaluated using Kaplan–Meier statistics. Amputation-free survival is a 

composite metric which incorporates the hard endpoints of mortality and major 

amputation. Toe and distal foot amputations were considered minor amputations. A p-

value < 0.05 was required to consider a test statistically significant. 

 

Results 

 

Procedural details – Clinical outcome 

Distribution of atherosclerotic lesions as determined by the diagnostic CTA involved 

stenoses >50% or occlusions in common iliac artery (n=5), external iliac artery (n=6), 

superficial femoral artery (n=8) and popliteal artery (n=7), taking into consideration 

that some patients had more than one arterial lesion. Morphological classification of the 

target-lesions was conducted according to the TASC II classification system and 

encompassed one TASC A, eight TASC B, two TASC C and two TASC D lesions. Technical 

success was achieved in all patients (13/13) included in final analysis. There were no 

major complications after endovascular treatment, apart from one femoral artery 

pseudoaneurysm treated with US-guided compression and thrombin injection. PTA was 
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successfully performed in all patients and provisional stent placement using self- 

expanding nitinol stents (Luminexx, Bard), (Protege Everflex, Covidien) was performed 

in seven patients. Three patients underwent additional PTA using drug-eluting balloons 

(Lutonix, Bard). After successful revascularization mean ABI increased from 0.36±0.16 

to 0.75±0.22 (p=0.0002). The patients were followed-up with clinical examination and 

color Duplex ultrasonography for a mean duration period of 9.1 months (range 6 -15 

months). During follow up, three patients died due to non-procedure related causes 

(colon cancer, myocardial infarction and pulmonary embolism). Moreover, the clinical 

status improved greatly (≧+3 Rutherford categories) in eight patients and moderate (+2 

Rutherford categories) in two patients (group A), 6 months after PTA. However, three 

patients had not clinical improvement (<+1 Rutherford categories) after PTA (group B). 

In this group, two patients underwent minor amputation (toe, transmetatarsal) while 

one patient underwent major (above-knee) amputation due to extensive gangrene and 

tissue necrosis. The major and minor amputations took place during the first year after 

the procedure. The 6- and 12-month amputation-free survival rates, estimated by 

Kaplan-Meier analysis, were 100 % and 62.5% respectively. 

 

 

Perfusion evaluation 

Successful revascularization led to a significant change in perfusion parameters (figure 

2) Qualitative changes in perfusion parameter maps were found in all patients post-

procedurally (table 2).  
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Fig. 2: A 84-year-old male patient with CLI  of right  lower extremity. (A) DSA s howed total  occlusion of right  

distal SFA (arrow). (B) Through percutaneous ipsilater al approach from the right common femoral artery, 

the occlusion was trav ersed with a hydrophilic guide wire. (C) The patient underwent PTA using a PTA 

balloon catheter and a drug-eluting balloon to pr event restenosis. (D) Final DSA showed significant flow  

restoration without complications. Axial perfusion maps of the foot demonstrated significant increas e in 

Permeability Surface (E,F) Blood Volume (G,H) and Blood Flow  (I,J) after  PTA especially in the peripheral  

dermal layer  (arrow heads).  

 

Table 2: Results of CTFP examinations in the study population. 
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After PTA, mean BV increased from 1.55±0.83 to 4.51±1.53 ml/100g (p=0.0002), BF 

increased from 16.28±4.97 to 31.49±6.86 ml/100g/min (p=0.0002) and PS increased 

from 3.1±1.95 to 8.67±3.85 ml/min/100g, (p=0.0002), (figure 3). 

 

Fig.3: Box-and-whisker plots  depicting the median v alues  and the quartile ranges  of various  perfusion 

parameters such as Blood Volume (A), Blood Flow (B) and Permeability Surface (C) as well as the values of 

ankle-brachial  index (D) before and after  PTA. The boxes  stretch from the 25th percentile at the lower edge 

up to the 75th percentile at the upper edge. The median value is depicted as a line across the box. Outliers 

are depicted as lines at the outer  area of the box plot.  

 

Perfusion parameters increase was greater in dermis compared to muscle tissue regions  

(p=0.0016 for BV increase, p=0.0333 for BF increase and p=0.0027 for PS increase), 

(table 3). 
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Table 3: Comparison of CTFP parameter values (mean ± SD) and mean percent increase 

of these parameters (in the study poluation) between dermis and muscle tissue regions. 

 Dermis Muscle tissue p value* 

 Pre-PTA Post-PTA Increase Pre-PTA Post-PTA Increase  

BV 1.5 ± 0.86 5.44 ± 1.55 345.24% 1.65 ± 0.88 2.73 ± 0.83 114.03% 0.0016 
BF 17.39 ± 

7.12 
37.37 ± 
9.61 

139.14% 14.85 ± 5.53 22.84 ± 
2.88 

73.59 0.0333 

PS 2.62 ± 1.49 10.88 ± 
5.85 

395.45% 3.49 ± 2.25 5.7 ± 2.32 130.31% 0.0027 

 

There was no significant correlation between perfusion parameters increase and ABI 

increase, as it was tested with Spearman's rho (r=0.0413, p=0.8935 for BV, r=0.215, 

p=0.4814 for BF and r=0.462, p=0.1118 for PS) (figure 4).  

 

 

Fig 4: Correlation analyses between ABI increas e and perfusion parameters increas e [BV (A), BF (B), PS 

(C)]. The correlation analysis graphs demonstrat e no significant correlation between these parameters.  

 

On the other hand, the patients who presented significant clinical improvement without 

any amputation during follow-up (group A) presented higher post-PTA perfusion values 

in comparison with patients who finally underwent an amputation (group B), (p=0.028 

for BV, p=0.028 for BF and p=0.0112 for PS respectively). A non significant difference on 

pre-PTA perfusion values was observed between these groups (p=0.499 for BV, 

p=0.6121 for BF and p=0.8658 for PS respectively). Moreover, only PS increase was 

statistically significant higher in group A compared to group B (p=0.028), (table 4).  
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Table 4: Comparison of CTFP parameters values (mean ± SD) and mean percent 

increase of these parameters between patients with clinical improvement, without any 

amputation after PTA (group A) and patients with poor response to PTA, who 

underwent an amputation (group B). 

 

 

 

 

 

 

 

 

ROC analysis results are presented in table 5 and ROC curves are displayed in figure 5. 

All perfusion parameters were found to have high sensitivity and specificity to predict 

poor clinical improvement and the occurence of amputation after PTA (p<0.0001). 

However, the small number of patients in the study is inadequate to support the 

reported cut-off values.  

 

Fig. 5: ROC curves for post-PTA perfusion parameters (BV, BF and PS) regarding the abil ity to predict  the 

occurence of amputation aft er PTA. 
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Table 5: ROC analysis of post-PTA perfusion parameters regarding the ability to predict 

poor response to revascularization and the occurence of amputation after PTA. 

 AUC p value Sensitivity Specificity Cut-off value 
BV 0.933 <0.0001 100 % 80 % ≤3.85 
BF 0.933 <0.0001 100 % 90 % ≤25.67 
PS 1 <0.0001 100 % 100 % ≤5.57 

 

All measurements demonstrated very good inter-observer reproducibility and ICC was 

0.91 (95% CI 0.64-0.97) for BV, 0.94 (95% CI 0.83-0.98) for BF, and 0.95 (95% CI 0.86-

0.98) for PS.  

 

CTFP analysis was not feasible in 5 examinations (13.9% of total CTFP examinations) 

due to: a) diffuse calcification or total occlusion of the lower limb arteries and inability 

to place the arterial ROI and b) motion artifacts which compromised image evaluation in 

either the pre-procedural (n=4) or the post-procedural (n=1) CTFP. Additionally, there 

was one case of a patient who died due to myocardial infarction before post-procedural 

examination. The mean dose-length product of CTFP was 1430.4 mGy*cm and the mean 

effective dose was 0.29 mSv.  
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Evaluation of percutaneous 
transluminal angioplasty outcome in 
patients with critical limb ischemia 
using dynamic contrast-enhanced 
MRI 

Materials and Methods 

 

Study design 

The study included patients with CLI (Rutherford categories 4-6) with either rest pain 

or minor/major tissue loss and anatomic distribution of atherosclerotic lesions which 

should make them suitable for endovascular treatment. Initially, patients underwent 

CDUS and diagnostic CTA in order to determine anatomic distribution of atherosclerotic 

lesions. In general, a primary endovascular approach was preferred whenever possible, 

even in selected cases with TASC C and D lesions which were judged as poor surgical 

candidates.  

Patients with acute limb ischemia or less advanced PAD (Rutherford categories 1 -3) as 

well those who underwent surgical or conservative treatment were excluded. The 

exclusion criteria included also all common contraindications to MRI such as 

ferromagnetic implants, pacemakers and severe claustrophobia and contraindications 

for gadolinium contrast medium injection such as previous severe 

allergic/anaphylactoid reaction, severe renal disease (eGFR <30 mL/min/1.73 m 2) or 

acutely deteriorating renal function and pregnancy. 

Selective patients that fulfilled these criteria were subjected to dynamic contrast-

enhanced MRI (DCE-MRI) of the affected foot. The patients also underwent a second 

DCE-MRI examination within 1st month after endovascular treatment. All patients were 
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followed-up with clinical examination at 1, 3, 6 and 12 months and color Doppler 

ultrasound combined with clinical examination on an annual basis.  

The study was approved by the local ethic and written informed consent was obtained 

from every patient before entering the study. 

 

Study population 

Between March 2015 and April 2019, 16 selective patients enrolled in the study. 

Technical success was achieved in 13/16 patients. Three cases with multilevel occlusive 

disease (TASC D), who underwent surgical revascularization after failed endovascular 

revascularization, were excluded from subsequent analysis. Moreover, there was one 

patient who died before post-procedural examination due to ischemic stroke and one 

patient who underwent amputation due to extensive ulcers and osteomyelitis before 

post-procedural examination.  DCE analysis was not feasible in one case due to motion 

artifacts which compromised image evaluation. Totally, 10 patients (6 male, 4 female) 

with a median age of 68 years (range 58-79 years) were included in the final analysis. 

Patient's main risk factors were hypertension (n=8), hyperlipidemia (n=10), diabetes 

mellitus (n=8), smoking (n=9) and coronary artery disease (n=5). According to 

Rutherford classification of PAD, two patients were allocated to class 4, six  patients to 

class 5 and two patients to class 6 PAD. The study population's baseline characteristics 

are summarized in Table 1. 
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Table 1: Clinical data of study population 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Imaging protocol  

Studies were performed on a 1.5T clinical MR Scanner (Vision/Sonata Hybrid system, 

Siemens, Erlangen, Germany) enforced with a powerful 3T equivalent gradient system 

(Gradient strength : 45 mT/m, Gradient Slew rate : 200 mT/m/ms). A standard 

quadrature RF bird cage body coil was used for signal excitation and a two channel 

array Head Coil was used for signal detection.  

Conventional and quantitative MR imaging protocols include:    

The conventional qualitative imaging protocol consisted of a T1 weighted 3D GRE VIBE 

(Volume Interpolated Breath hold Examination) sequence (TR/TE/FA: 

9.5ms/3.4ms/15o) and a T2/T1 weighted 3D GRE CISS (Constructive Interference in 

Steady State) sequence (TR/TE/FA: 9.3ms/4.2ms/70o), obtained both in sagittal planes 

at the area of lower limb. Forty (40) consecutive slices of 2 mm slice thickness and in-
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plane spatial resolution (pixel size) of 0.49 mm2 (FOV=250X250mm, Matrix 

size=512X512 interpolated) were obtained utilizing either T1 or T2/T1 weighted 

sequences. Pixel band width was 130 Hz/pxl in both T1 and T2/T1 weighted sequences. 

Acquisition times were approximately 2.5 min for both sequences.     

The quantitative DCE-MRI protocol of the lower limb was performed utilizing firstly a 

PD to T1 weighted 3D GRE VIBE sequence (TR/TE: 7.8ms/2.7ms) in the sagittal plane 

with variable flip angles (FA = 5o,10o,15o,20o, 25o,30o) for the initial calculation of the 

parametric T1 maps. Twenty six (26) consecutive slices of 3 mm slice thickness and in-

plane spatial resolution (pixel size) of 0.49 mm2 (FOV=250X250mm, Matrix 

size=512X512 interpolated) were obtained. Pixel bandwidth was 150 Hz/pxl. The 

acquisition time was 21 sec for each flip angle. Each flip angle was obtained separately 

and therefore, the sequence was repeated 6 times. The total  acquisition time for all the 

set of flip angles was approximately 2 min. The final outcome of this sequence is the 

production of 26 consecutive slices depicting the calculated T1 parametric maps with 

the same anatomical characteristics (slice thickness, pixel size) of the base 

aforementioned sequence. These maps serve as the basis of the calculation of T1 0 in 

DCE-MRI perfusion imaging [1]. 

The actual T1 weighted DCE perfusion MR imaging of the lower limb was performed 

utilizing a T1 weighted 3D GRE VIBE sequence (TR/TE/FA: 9.5ms/3.4ms/15o) in sagittal 

plane. Twenty six (26) consecutive slices of 3 mm slice thickness and in-plane spatial 

resolution (pixel size) of 0.49 mm2 (FOV=250X250mm, Matrix size=512X512 

interpolated) were obtained. Pixel bandwidth was 150 Hz/pxl. The acquisition time was 

15 sec. The sequence was repeated 40 times. The first 3 repetitions were used for the 

calculation of the baseline signal. Consequently, during the rest 37 repetitions of the 

aforementioned sequence, an intravenous continual injection of paramagnetic contrast 

medium [(Magnevist, Gadopentetate Dimeglumine, Bayer Healthcare, Bayer, 0.2 ml/kg, 

(0.1 mmol/kg)] was administered for approximately one minute. The mean dose of 
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paramagnetic contrast medium delivered during the examination was 16.5 ml (range 

14-20 ml). The total acquisition time for the 40 repetitions was approximately 10 min.   

All images were transformed to a separate dedicated workstation for further analysis. 

 

Image analysis 

MR images were transferred and analyzed with a commercially available software 

(nordicICE v4.0, NNL, Bergen, Norway). DCE-analysis was performed utilizing an 

extended Tofts model (3-parameter fitting). Initially, T1 parametric maps were 

calculated using a 3D spoiled gradient echo sequence (3D GRE VIBE) with variable flip 

angles, as previously discussed. Fast T1 calculations using variable flip angles is based 

on the method proposed by Fram EK et al [2]. This method is incorporated as a standard 

T1 measurement procedure on the (nordicICE) platform. T1 parametric maps are used 

for the calculation of the base T10 maps of the anatomic regions (slices) prior to 

perfusion analyses.  

Quantitative perfusion maps based on pharmacokinetic parameters such as blood flow 

(BF),  Ktrans and Kep were created from parametric data fitted to the extended Tofts 

model utilizing a population-based arterial input function [1]. Ktrans express the volume 

transfer coefficient between blood plasma and extravascular extracellular space (EES), 

Kep the exchange rate constant between EES and blood plasma (backflux exchange rate) 

and finally BF express flow of blood per unit mass of tissue [3]. Ktrans and Kep are 

expressed in min-1 and BF in ml/min/100g of tissue. Subsequently, multiple ROIs were 

placed around the entire foot, on the dermis and muscles tissues in the pre- and post-

procedure examination and the change in the relative perfusion parameters was 

calculated. Analysis and evaluation of  DCE-MRI was performed by two blinded 

radiologists to determine inter-observer reliability. 
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Statistical analysis 

Statistical analysis was performed with MedCalc (version Medcalc Software, Mariakerke, 

Belgium). Wilcoxon signed rank tests were used to compare perfusion parameters such 

as  BF Ktrans and Kep before and after endovascular treatment. The relative change in ABI 

was also tested with Wilcoxon signed rank test. Correlation between perfusion 

parameters and ABI was evaluated with Pearson's correlation coefficient and normal 

distribution of data was tested with Kolmogorov-Smirnov test. Amputation-free survival 

was calculated using Kaplan–Meier method. Interobserver agreement was assessed 

using the interclass correlation coefficient (ICC). A p-value < 0.05 was considered as 

statistically significant. 

 

Results 

 

Procedural details – Clinical outcome 

Patients presented hemodynamically significant stenoses or occlusions in common iliac 

artery (n=4), external iliac artery (n=5), superficial femoral artery (n=7), popliteal 

artery (n=4) and below the knee arteries (n=4) taking into consideration that some 

patients had more than one arterial lesion. The majority of patients had multilevel 

arterial disease but we only refer the targeted vessels for endovascular recanalization. 

Technical success was achieved in all patients included in final analysis, without major 

complications. PTA was successfully performed in all patients, drug coated balloons 

(Lutonix, Bard) were used in two patients and provisional stenting using self- expanding 

nitinol stents (Luminexx, Bard), (Protege Everflex, Covidien) was performed in seven 

patients (table 2). There was significant hemodynamic improvement in all patients and 

mean ABI increased from 0.37 ± 0.18 to 0.76 ± 0.23 after revascularization (p<0.05). All 

patients received the optimal medical treatment for hypertension, hyperlipidemia and 

diabetes mellitus. After PTA they received single or dual antiplatelet therapy as it is 
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displayed in table 2. The patients were followed-up with clinical examination and color 

Duplex ultrasonography for a mean duration period of 24 months (range 6-48). No 

recurrent hemodynamically significant stenoses were found at the site of the 

intervention during US examination, except patient No5 who underwent a second PTA 

with successful restoration of flow. During follow up one patient died due to acute 

myocardial infarction, one patient underwent major (above-knee) amputation due to 

extensive tissue necrosis and there were also two patients who underwent minor (toe) 

amputations (table 2). The 12-month amputation-free survival rate, estimated by 

Kaplan-Meier analysis, was 80%, 

 

Table 2: Procedural and Follow-up data of study population 
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Perfusion evaluation 

Successful revascularization led to a significant change in perfusion parameters (figure 

1).  

 

 

Fig.1: A 68-year-old male patient  with CLI of right lower  extremity. DSA showed total occlusion of right SFA 

(A) and reconstruction of popliteal artery via collaterals (B). Through percutaneous approach from the left  

common femoral  artery, the occlusion was  traversed with a hydrophilic  guide wire (C). The patient  

underwent  successful  PTA and stent  placement (D) Final DSA showed significant flow restoration (E). Co-

registration of anatomic sagittal T1w sequences combined with Ktrans and Kep  parametric maps before (F,G) 

and aft er PTA (H ,I) showed significant increase of perfusion parameters after  revascularization, especially  

in the peripheral dermal layer  (arrow).  
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After PTA, mean BF increased from 6.232 ± 2.867 to 9.867 ± 2.965 ml/min/100g, 

Ktrans increased from 0.060 ± 0.022 to 0.107 ± 0.041 min-1 and Kep increased from 0.103 ± 

0.024 to 0.148 ± 0.024 min-1,  p<0.05. (table 3, Fig. 2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2: Box-and-whisker plots  depicting the median v alues  and the quartile ranges  of various  perfusion 

parameters such as Ktrans (A), Kep (B) and Blood Flow (C), as well as the values of ankle-brachial index (D) 

before and aft er PTA. The boxes  stretch from the 25th percentile at  the lower edge up to the 75th percentile 

at the upper  edge. The median v alue is  depicted as  a line across the box. Outliers are depicted as lines  at  the 

outer area of the box plot.  
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Table 3: Results of DCE-MRI examinations in the study population. 

 

 

 

 

 

 

 

 

 

There was no significant correlation between perfusion parameters and ABI, as it was 

tested with Pearson's correlation coefficient (r=0.37, p=0.106 for K trans, r=0.39, p=0.085 

for Kep and r= 0.41, p=0.074 for BF), (figure 3).  

 

 

 

 

 

 

Fig.3: Scatter plots showing the correlation between ABI  and perfusion parameters  such as  BF  (A), Ktrans (B) 

and Kep (C). The correlation analysis demonstrates  no significant  correlation between these parameters.  

 

The studies were also analyzed by a second observer to determine inter-observer 

reliability. All perfusion parameter measurements presented very good inter-observer 

reliability with an ICC greater than 0.85 for all perfusion parameters and specifically 

0.92 (95% CI 0.82-0.97) for Ktrans, 0.87 (95% CI 0.7-0.95) for Kep, and 0.89 (95% CI 0.73-

0.95) for BF.  
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Correlation between diffusion 
and perfusion MR imaging 
parameters on peripheral arterial 
disease 

 

Materials and methods 

 

Study population 

Thirteen patients (8 male, 5 female) with PAD with a median age of 68 years (range 56-

78 years) underwent MR examination of lower limb using both dynamic contrast-

enhanced MRI (DCE-MRI) and diffusion weighted MRI (DW-MRI). According to Fontaine 

classification, 4 patients presented with stage III and 9 patients with stage IV PAD. The 

exclusion criteria included all common contraindications to MRI such as ferromagnetic 

implants, pacemakers and severe claustrophobia and contraindications for gadolinium 

contrast medium injection such as previous severe allergic/anaphylactoid reaction, 

severe renal disease (eGFR <30 mL/min/1.73 m2) or acutely deteriorating renal 

function and pregnancy. 

 

Imaging protocol 

Studies were performed on a 1.5T clinical MR Scanner (Vision/Sonata Hybrid system, 

Siemens, Erlangen, Germany) enforced with a powerful 3T equivalent gradient system 

(Gradient strength : 45 mT/m, Gradient Slew rate : 200 mT/m/ms). A standard 

quadrature RF bird cage body coil was used for signal excitation and a two channel 

array Head Coil was used for signal detection.  

 



100 
 

 

Conventional and quantitative MR imaging protocols include:    

The conventional qualitative imaging protocol consisted of a T1 weighted 3D GRE VIBE 

(Volume Interpolated Breath hold Examination) sequence (TR/TE/FA: 

9.5ms/3.4ms/15o) and a T2/T1 weighted 3D GRE CISS (Constructive Interference in 

Steady State) sequence (TR/TE/FA: 9.3ms/4.2ms/70o), obtained both in sagittal planes 

at the area of lower limb. Forty (40) consecutive slices of 2 mm slice thickness and in-

plane spatial resolution (pixel size) of 0.49 mm2 (FOV=250X250mm, Matrix 

size=512X512 interpolated) were obtained utilizing either T1 or T2/T1 weighted 

sequences. Pixel band width was 130 Hz/pxl in both T1 and T2/T1 weighted sequences. 

Acquisition times were approximately 2.5 min for both sequences.     

Diffusion weighted (DW) sagittal images of the lower limb were acquired utilizing a high 

resolution HASTE (Half-Fourier Acquisition Single-shot Turbo spin Echo) sequence with 

diffusion sensitizing gradients with different b-values (b = 0, 50, 100, 150, 200, 500, 800, 

1000 s/mm2), number of slices = 13, echo time (TE) =105 ms, repetition time (TR) = 

2000 ms, matrix size =384×384, field of view (FOV)=250×250, slice thickness=5mm. 

Additionally, a reverse polarization gradient technique was applied by acquiring two 

sets of sagittal DW images, each time altering the polarization direction of the frequency 

encoding gradient A P and P-A (Anterior-Posterior). 

DCE-MRI of the lower limb was performed utilizing a 3D VIBE (volume interpolated 

breath hold examination) sequence in the sagittal plane with variable flip angles 

(FA=5°,10°,15°, 20°, 25°, 30°) for the initial calculation of the parametric T1 maps. 

Consequently, an intravenous continual injection of the paramagnetic CA (Magnevist, 

Gadopentetate Dimeglumine, Bayer Healthcare, Bayer, 0.1 mmol/kg) was administered 

for approximately 1 min. The aforementioned T1W DCE VIBE perfusion sequence was 

continuously repeated for 10min (20s temporal resolution) after the intravenous 
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injection of the CA with the following imaging parameters: number of slices=26, FA=15°, 

TE=2.73 ms, TR=7.8 ms, matrix size=512×512, FOV=250×250 and slice thickness=3 mm. 

All images were transformed to a separate dedicated workstation for further analysis. 

 

Image analysis 

The quantification of both diffusion and perfusion parameters was implemented using 

python 3.5. According to the Intra-Voxel Incoherent Motion (IVIM) model the DWI signal 

as a function of the b-value is expressed in 𝑆(𝑏)⁄𝑆(0) = (1 − 𝑓)𝑒−𝑏𝐷 + 𝑓𝑒−𝑏𝐷∗. S(b) is the 

measured signal intensity at the current b-value and S(0) is the measured signal 

intensity without diffusion gradient attenuation factor (typically a T2 image), D is the 

diffusion coefficient, D* is the pseudodiffusion coefficient and f is the micro-perfusion 

fraction denoting the ratio of water flowing in capillaries to the total water contained in 

a voxel [1]. The quantification of the DW signal with the IVIM model is mainly succeeded 

by two different fitting  methods. The first method is a direct estimation of the IVIM 

parameters using a nonlinear fitting algorithm and the second method is relied on the 

fact that for b-values greater than 200 s/mm2 the micro-perfusion effect is eliminated 

and does not contribute to the DW signal decay [2]. The procedure for the quantification 

of the DCE-MRI signal has two important steps. First, the concentration curve as a 

function of time of the CA is calculated (𝐶𝑡(𝑡)) and then, after the choice of a suitable 

pharmacokinetic model, nonlinear fitting of the concentration curve is required in order 

to produce tissue perfusion parameters [3]. In order to provide information about tissue 

perfusion to patients with PAD a variety of pharmacokinetic models were used such as, 

the extended Tofts model (ETM) [4], the Patlak model (PM) [5], the steady state model 

(SSM) [6] and the Gamma capillary transit time model (GCTT) [7]. Except from its 

complex form, the GCTT model was included in this study since it is a more recently 

suggested physiological model unifying well-known models such as the Tofts Model [8] 

the ETM and the adiabatic tissue homogeneity (ATH) model [9].  Except from the 
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previous models, two semi quantitative parameters were also calculated from the signal 

intensity curve over time 𝑆𝐼(𝑡) such as the area under the curve (AUC) and the relative 

enhancement ratio (RER) . 

 
Statistical analysis 

Two statistical metrics were used, the adjusted R squared (𝑅 ̅ 2) and the root mean 

squared error (RMSE), to determine the goodness of fit for every voxel. Correlation 

analysis was performed using Pearson’s r correlation coefficient taking into account the 

slices from perfusion and diffusion sequences with the same slice location dicom tag, 

while rejecting all voxels from tissues without significant blood supply (non-perfused) 

such as the osseous structures (𝑣𝑝 = 0). The effects of noise, after the fitting process, led 

to parametric maps that exhibit large variations within voxels in small neighborhoods . 

Thus, in order to examine the relationship between DCE and DWI parameters in a more 

effective and qualitative way, a 5 × 5 Gaussian filter (𝜎 = 0.9) was applied on the derived 

parametric maps.  

 

Results 

 
Metrics from the statistical analysis, showed that regarding the DWI fitting, both the first 

and the second fitting method were quite accurate since RMSE and 𝑅 ̅ 2 were as expected 

at the desired levels, meaning low RMSE and high 𝑅 ̅2. More precisely, for the first fitting 

method, RMSE = 0.081± (0.048), 𝑅 ̅ 2 =0.637 ± (0.292) and for the second method, RMSE 

= 0.085 ± (0.05), 𝑅 ̅ 2 = 0.627± (0.285). A graphical representation of each 

aforementioned model fit in a region of the peroneus brevis muscle for DWI and DCE-

MRI is depicted in figures 1A and 1B respectively. 
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Fig. 1: (A) IVIM model method 1 and 2 fitted to  DWI  dat a obt ained from the peroneus br evis muscle.  (B) 

Pharmacokinetic  models fitted to  DCE data derived from the peroneus brevis muscle.  

 

Pearson’s correlation (r) coefficient was calculated for every perfusion and diffusion 

model based parametric map and was displayed in table 1. Pearson's correlation 

coefficient r, is presented between the parameter (f-IVIM) and the perfusion plasma 

volume parameters. A graphical illustration of the normalized parametric maps is 

depicted in figure 2. After the application of the Gaussian filter on the parametric maps 

the smoothed parametric maps are shown in figure 3. All p values of the correlation 

analysis for both tables were lower than 0.05. 

 

 

 

 

 

 

 
 

 

Fig. 2: Blood plasma volume r elated parametric maps. (b) f-IVIM, semi- quantitative:  (a) RER and (c) AUC 

and (d)-(g) SSM (vp), PM (vp), ETM (vp), GCTT (E) respectively.  
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Fig. 3: Blood plasma volume related parametric maps  after the application of a 5x5 Gaussian filter (ς = 0.9). 

(b) f-IVIM, semi- quantit ative: (a) RER and (c) AUC and (d)-(g) SSM (vp), PM (vp ), ETM (vp), G CTT (E) 

respectively. 

 

Table 1: Pearson’s Correlation coefficient r with and without Gaussian Filtering to the 

parametric maps. 

 Fitting model (parameter) DWI DWI - Method 1 (f)  DWI - Method 2 (f) 
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SSM (𝑣𝑝) 0.082 0.086 

PM (𝑣𝑝) 0.073 0.071 

ETM (𝑣𝑝) 0.046 0.043 

GCTT (E) 0.039 0.045 

AUC 0.011 0.013 

RER -0.114 -0.107 
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SSM (𝑣𝑝) 0.429 0.427 

PM (𝑣𝑝) 0.379 0.366 

ETM (𝑣𝑝) 0.406 0.397 

GCTT (E) 0.544 0.551 

AUC 0.254 0.252 

RER 0.592 0.601 
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Evaluation of percutaneous 
transluminal angioplasty 
outcome in patients with critical 
limb ischemia using diffusion 
weighted magnetic resonance 
imaging 

 

Materials and methods 
 

Study design 

The study included patients with CLI (Rutherford categories 4-6) with either rest pain 

or minor/major tissue loss and anatomic distribution of atherosclerotic lesions which 

should make them suitable for endovascular treatment. Initially, patients underwent 

CDUS and diagnostic CTA in order to determine anatomic distribution of atherosclerotic 

lesions.   

Patients with acute limb ischemia or less advanced PAD (Rutherford categories 1 -3) as 

well those who underwent surgical or conservative treatment were excluded. The 

exclusion criteria included also all common contraindications to MRI such as 

ferromagnetic implants, pacemakers and severe claustrophobia. Selective patients that 

fulfilled these criteria were subjected to diffusion weighted magnetic resonance imaging 

(DW-MRI) of the affected foot. The patients also underwent a second DW-MRI 

examination within 1st month after endovascular treatment. All patients were followed-

up with clinical examination at 1, 3, 6 and 12 months and color Doppler ultrasound 

combined with clinical examination on an annual basis. Moreover healthy volunteers 

without PAD (control group) underwent the same examination during the study period. 
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The study was approved by the local ethic committee and both patients and healthy 

volunteers provided written informed consent prior to study enrollment. 

 

Study population 

Between April 2016 and December 2019,  10 selective patients and 6 healthy volunteers 

enrolled in the study. Technical success was achieved in 9 patients (9/10). One patient 

with multilevel occlusive disease (TASC D) underwent surgical revascularization after 

failed PTA and excluded from subsequent analysis. Moreover one patient underwent 

amputation due to extensive ulcers and osteomyelitis before post-procedural 

examination. Totally, 8 patients (5 male, 3 female) with a median age of 69 years (range 

56-79 years) were included in the final analysis. Patients' main risk factors were 

hypertension (n=7), hyperlipidemia (n=8), diabetes mellitus (n=7), smoking (n=8) and 

coronary artery disease (n=5). According to Rutherford classification of PAD, two 

patients were allocated to class 4, five patients to class 5 and one patients to class 6 PAD. 

The control group consisted of 6 volunteers (3 male, 3 female) with a median age of 50 

years (range 38-67 years). Neither of these volunteers had history of PAD or 

predisposing factors for PAD such as diabetes mellitus, hypertension or history of 

smoking.  

 

Imaging protocol  

Studies were performed on a 1.5T clinical MR Scanner (Vision/Sonata Hybrid system, 

Siemens, Erlangen, Germany) enforced with a powerful 3T equivalent gradient system 

(Gradient strength : 45 mT/m, Gradient Slew rate : 200 mT/m/ms). A standard 

quadrature RF bird cage body coil was used for signal excitation and a two channel 

array Head Coil was used for signal detection.  
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Conventional and quantitative MR imaging protocols include:    

The conventional qualitative imaging protocol consisted of a T1 weighted 3D GRE VIBE 

(Volume Interpolated Breath hold Examination) sequence (TR/TE/FA: 

9.5ms/3.4ms/15o) and a T2/T1 weighted 3D GRE CISS (Constructive Interference in 

Steady State) sequence (TR/TE/FA: 9.3ms/4.2ms/70o), obtained both in sagittal planes 

at the area of lower limb. Forty (40) consecutive slices of 2 mm slice thickness and in-

plane spatial resolution (pixel size) of 0.49 mm2 (FOV=250X250mm, Matrix 

size=512X512 interpolated) were obtained utilizing either T1 or T2/T1 weighted 

sequences. Pixel bandwidth was 130 Hz/pxl in both T1 and T2/T1 weighted sequences. 

Acquisition times were approximately 2.5 min for both sequences.     

DW sagittal images of the lower limb were acquired utilizing a high resolution HASTE 

(Half- Fourier Acquisition Single-shot Turbo spin Echo) sequence with diffusion 

sensitizing gradients with different b values (b = 0, 50, 100, 150, 200, 500, 800, 1000 

s/mm2), number of slices = 13, echo time (TE) =105 ms, repetition time (TR) = 2000 ms, 

matrix size =384×384, field of view (FOV)=250×250 , slice thickness=5mm. Additionally, 

a reverse polarization gradient technique was applied by acquiring two sets of sagittal 

DW images, each time altering the polarization direction of the frequency encoding 

gradient A P and P-A (Anterior-Posterior). 

 

Image analysis 

A significant characteristic of the DW-MRI that can describe the molecular diffusion of 

water is the Apparent Diffusion Coefficient (ADC) [1]. However, it is possible to examine 

that diffusion decay curve in a more complex and advanced way using the following 

equation Eq.(1) as described in the study of Lemke et al [2]:  

𝑆 𝑏 = 𝑆 0 ∙ [(1−𝑓) ∙ 𝑒−𝑏∙𝐷 + 𝑓 ∙ 𝑒−𝑏∙(D+D∗)]     (1) 

where b value is the user selectable parameter that controls the degree of sensitivity of 

DWI images to water diffusion and it is expressed in s/mm2. S(b) is the signal intensity 
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of the image of a homogenous system decays with b values, (D) the real diffusion, (D*) 

the micro-circulation of blood inside the capillary network and (f) the perfusion fraction. 

Thus this way, it is feasible to extract additional parameters and information from a 

single diffusion decay curve. This includes both the real diffusion, that means the tissue 

diffusion coefficient (D) and the micro-circulation of blood which is the flow-related 

pseudo diffusion inside the capillary network (D*).  

D* and D color parametric maps were constructed on a pixel by pixel basis utilizing an 

in-house software (QMRI Utilities-X) on a separate workstation. These parametric maps 

(D and D*) were obtained by fitting with double exponential decay curves to the signal 

intensities of the corresponding pixel against b values. 

The parametric maps (D and D*) were then transferred and evaluated with a 

commercially available software (nordicICE v4.0, NNL, Bergen, Norway). Subsequently, 

multiple Regions Of Interest (ROI)s were placed around the entire foot, on the dermis and 

muscles tissues in the pre- and post-procedure examination in patients with PAD and healthy 

volunteers and the change in the relative perfusion parameters was calculated.   

 

Statistical analysis 

Statistical analysis was performed with MedCalc (version Medcalc Software, Mariakerke, 

Belgium). Wilcoxon signed rank tests were used to compare D* before and after PTA. 

The relative change in ABI was also tested with Wilcoxon signed rank test. Mann-

Whitney test was employed to compare D* between patients with PAD and healthy 

volunteers. Amputation-free survival was calculated using Kaplan–Meier method. 

Interobserver agreement was assessed using the interclass correlation coefficient (ICC). 

A p-value < 0.05 was considered as statistically significant. 
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Results 

Procedural details – Clinical outcome 

Patients  with PAD presented occlusions or hemodynamically significant stenoses in 

common iliac artery (n=3), external iliac artery (n=4), superficial femoral artery (n=6), 

popliteal artery (n=4) and below the knee arteries (n=4). Many patients presented with 

multilevel arterial disease but only the targeted lesions for PTA were referred. Technical 

success was achieved in all patients included in final analysis (8/8), without major 

complications. Percutaneous vascular access was achieved by either an antegrade 

puncture (n=3) or retrograde puncture (n=5) of common femoral artery. PTA was 

performed in all patients and stent deployment using self- expanding nitinol stents 

(Luminexx, Bard), (Protege Everflex, Covidien) was performed in six patients. Moreover 

drug coated balloon (Lutonix, Bard) was used in one patient. After PTA, there was 

significant hemodynamic improvement in all patients and mean ABI increased from 0.35 

± 0.2 to 0.76 ± 0.25 after revascularization (p<0.05). After PTA, patients received single 

or dual antiplatelet therapy. The patients were followed-up with clinical examination 

and CDUS for a mean duration period of 28 months (range 6-48). During follow up one 

patient died due to acute myocardial infarction and two patients underwent minor (toe) 

amputations. The 12-month amputation-free survival rate, estimated by Kaplan-Meier 

analysis, was 87.5%. 
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Perfusion evaluation 

After successful revascularization, there was significant increase of IVIM perfusion 

parameters (figure 1). D* increased from 279.88 ± 13.47 10−5 mm2/s to 331.51 ± 31 

10−5 mm2/s, p<0.05. (Figure 2A). Moreover, healthy volunteers presented higher D* 

values in comparison with PAD patients. The mean D* was 279.88 ± 13.47 10−5 mm2/s in 

PAD group and 332.47 ± 22.95 10−5 mm2/s in healthy volunteers group, p<0.05. (figure 

2B). The studies were also analyzed by a second observer and presented very good 

inter-observer reliability with an ICC > 0.85. 

 

 

 

 

 

 

 

 

 

 

Fig.1: A 70 year-old male patient with CLI of right lower extremity. The patient underwent success ful PTA 

and st ent deployment in his  right  SFA. ABI incr eased from  0.53 to  0.9 after PTA.  

Sagittal IVIM parametric map of  flow-relat ed pseudo diffusion inside the capillary network (D*) befor e (A) 

and aft er PTA (B ) showed significant increas e of D* aft er revascularization, especially in the peripheral  

dermal layer. 
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Fig.2: Box-and-whisker plots depicting the median values and the quartile ranges  of  the flow-related ps eudo 

diffusion inside the capillary  network (D*) in patients with PAD before and after  PTA (A) and between PAD 

patients and healthy volunteers (B). The boxes stretch from the 25th percentile at the lower edge up to the 

75th percentile at  the upper edge. The median value is  depicted as  a line across the box. Outliers are 

depicted as lines at the outer  area of the box plot.  
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Discussion  

Imaging modalities such as color duplex ultrasound (CDUS), computed tomography 

angiography (CTA), magnetic resonance angiography (MRA) and digital subtraction 

angiography (DSA) provide significant information about the distribution of 

macrovascular lesions of the limbs (stenoses, occlusions) but not for the local 

microvascular perfusion of the feet [1]. These modalities are performed in clinical 

practice to assess the extent of disease, plan the revascularization strategy and finally 

confirm the patency of the main arteries after treatment [2]. However, they cannot 

measure blood flow to the limb and estimate the influence of collateral vessels on end-

organ perfusion. These modalities are also incapable to estimate the therapeutic results 

of endovascular or surgical procedures, regarding the improvement in tissue perfusion 

[3-4].  

An accurate measurement of tissue perfusion would be beneficial in patients with PAD 

both for the diagnosis of limb hypoperfusion and assessment of the severity and 

extension of disease but also would be helpful for the planning of revascularization 

strategy and estimation of the results of therapeutic interventions. Different modalities 

with advantages and disadvantages have been used for evaluation of limb tissue 

perfusion [5].  

 

Laser Doppler flowmetry (LDF) and imaging (LDI) can  measure superficial blood flow 

in the skin and therefore evaluate microvascular perfusion. LDF is performed using 

needle probes and enables measurement from a single point of contact. On the other 

hand, LDI provides a 2-dimensional array of perfusion measurement in a larger area 

using a scanning motion which can incorporate the entire foot. Moreover, there is no 

contact with the skin, which is useful in cases of open or infected wounds. These 

modalities can be used for evaluation of wounds and treatment response in PAD 
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patients. However, they are associated with low depth of penetration of laser light and 

measurements are affected by temperature, motion artifacts and consumption of 

vasoactive substances making comparison of different examinations difficult  [6].  

Reflection plethysmography allows noninvasive recording of arterial blood volume  

changes by detecting skin backscattered optical radiation. It can be performed as an 

alternative of continuous wave Doppler in patients with PAD and especially patients 

with underlying CKD and diabetes mellitus. However, it does not provide anatomic 

information and temperature, arteriovenous shunting and inadequate venous drainage 

may lead to false measurements [7].  

 

Transcutaneous measurement of oxygen partial pressure (TcPO2), as described in a 

previous section is a noninvasive method that allows assessment of local oxygen 

diffusion from the capillary bed through the skin epidermidis. It can be performed at the 

bedside of the patient and it is very useful for quantification of PAD, prediction of ulcer 

healing and determination of the optimum level for amputation. However, TcPO2 

measurements are affected by tissue edema, increased oxygen consumption, 

inflammation and vasoconstriction. Apart from that, it does not provide anatomic 

information and measurement electrode analyzes only a small area of skin [8]. 

 

Color Doppler Ultrasound (CDUS) is used in clinical practice for the evaluation of PAD 

patients as a first line imaging modality.  Contrast-enhance Ultrasound (CEUS) using 

microbubble contrast agents can assess muscle tissue perfusion. It is performed with  a 

linear US transducer probe which is placed in the area of interest. After contrast 

administration, a direct measure of contrast concentration is performed in a region of 

interest. Using time-CEUS-intensity curves, parameters such as time to peak, maximum 

contrast and area under time-signal intensity can be evaluated [5]. Amarteifio et al 

performed CEUS in patients with PAD and healthy volunteers. They demonstrated that 



115 
 

all parameters were different among study groups, thus this examination can be used 

for PAD diagnosis [9]. Another study also showed that perfusion imaging of lower limb 

muscles, using CEUS during exercise and measurement of absolute flow reserve can 

provide valuable information on the severity of PAD, especially in patients with DM [10]. 

CEUS can be also performed for evaluation of revascularization outcome in patients with 

PAD. Duerschmied et al, demonstrated that successful revascularization either with 

surgical or endovascular procedures was associated with significant improvement of 

perfusion parameters. The authors suggest that CEUS may be a valuable alternative to 

noninvasive tests such as ABI for estimation of therapeutic results after 

revascularization. However, like all US techniques, it is operator dependent and is 

limited by motion artifacts or presence of bones [11].  

 

The technologic advancements in CT systems and the availability of dedicated CT 

perfusion software enable a wide range of clinical approaches but also give the 

opportunity for clinical and research investigations. CT is used in clinical practice for a 

wide range of applications but it can also provide qualitative and quantitative evaluation 

of tissue perfusion. In patients with acute stroke, neuroimaging has a critical role. The 

first line imaging technique is non-contrast CT which can differentiate ischemic and 

hemorrhagic strokes. However, the addition of CT angiography and perfusion imaging 

can improve the detection of an infract and can identify candidates for thrombolysis or 

endovascular treatment. MR perfusion and diffusion techniques can also be applied in 

patients with stroke but CT perfusion is associated with advantages as far as the cost, 

availability and patient monitoring [12-13]. CT perfusion is also useful for diagnosis and 

evaluation of the treatment response in patients with tumours. It has a significant role 

for both differential diagnosis between normal tissue and  neoplastic tissue and primary 

tumor staging [14]. Luczynska et al, demonstrated the efficacy of CT perfusion to detect 

prostatic carcinoma and distinguish it from normal prostatic tissue [15]. Moreover, it 
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can be used for therapeutic assessment in multiple tumours and for prediction of 

response to therapy in head and neck, lung and rectal tumours [16]. It can also be 

applied in cardiovascular system. CT myocardial perfusion examination in companion 

with CT coronary angiography can be used for detection of hemodynamically significant 

coronary stenosis in patients with coronary artery disease [17]. Moreover, its role has 

been investigated in patients with abdominal aortic aneurysm (AAA) to evaluate the risk 

for AAA rupture [18] or patients with previous endovascular aneurysm repair (EVAR)  

for assessment of type II endoleak [19]. The use of this imaging technique in the study of 

PAD or CLI is not widespread because imaging methods such as CDUS, CTA or MRA are 

capable of depicting stenoses and/or occlusions of peripheral arteries and in 

conjunction with clinical examination are decisive in the evaluation of PAD and the 

selection of the appropriate treatment  [1,2] 

 

Dynamic CT perfusion can provide quantitative and qualitative information for 

hemodynamic perfusion status of the limb. Barfett et al, were the first who used an en 

bloc volumetric CT perfusion technique of entire foot to emerge the difference of mild 

and major vascular impairment in 22 healthy volunteers. They used calf blood pressure 

cuffs to simulate vascular obstruction and demonstrated significant differences of 

perfusion between unobstructed and obstructed foot [20]. Iezzi et al, evaluated 

perfusion parameters changes after endovascular treatment in 10 patients with PAD 

using a CT perfusion technique. They showed that CT perfusion examination is both 

feasible and reproducible and PTA can induce slight changes in perfusion parameters  

such as mean transit time (MTT) [21]. Hur et al, also deduced the ability of CT perfusion 

to measure blood flow of the foot in animals and humans. The authors showed that 

successful revascularization leads to significant increase of blood flow, especially in the 

dermal layer and the interpretations of perfusion maps correlated with angiographic 

findings [22]. A recent study compared CT perfusion parameters in patients with PAD 
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with either occlusion or high-grade stenosis and correlated them with angiographic and 

hemodynamic parameters such as ABI and ankle blood pressure. They denoted that 

perfusion parameters (BV, BF) were higher in patients with stenoses rather than 

occlusions and there was correlation between BV and ABI [23]. Finally, Cindil et al , also 

confirmed the role of CT perfusion to detect changes in foot perfusion after successful 

revascularization. Moreover, they suggested that CT perfusion parameters changes 

correlated well with clinical improvement after endovascular treatment [24].  

 

Our study, using a CT foot perfusion examination (CTFP) demonstrates statistically 

significant change in perfusion parameters in patients with CLI after successful 

revascularization. Compared to other studies, all patients presented with CLI and all but 

one were allocated to Rutherford 5 or 6 category. As a result of the severe limb ischemia 

of the study-population, successful PTA may led to improvement in the macro- and 

microvascular state of the foot which subsequently affected perfusion parameters.  In 

this study, there was no significant correlation between ABI and perfusion parameters 

increase. Perfusion parameters are influenced both from macrovascular and 

microvascular function of the foot in comparison with ABI, which reflects the 

macrovascular status of the limb. Moreover, the perfusion parameters changes were 

greater in the dermal layer in comparison with muscle tissues, which has been reported 

in only one study so far [22]. One of the most significant findings, of this study is the 

correlation between perfusion parameters and clinical outcome after PTA. The patients 

with significant clinical improvement who did not undergo an amputation presented 

higher post-PTA perfusion parameters values in comparison with patients with poor 

response, who finally underwent an amputation after PTA. Moreover, we performed 

ROC analysis and suggested cut-off values which predict poor response to 

revascularization and a possible amputation after PTA. As a result, CTFP may have a 

prognostic role in the evaluation of outcome in patients with CLI and the prediction of 
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amputation after PTA. These findings were also confirmed by a recent published study, 

which also evaluated perfusion parameters before and after PTA and compared them 

with clinical improvement of PAD patients after revascularization and found a 

significant correlation among them [24].  

 

Radiation exposure should be investigated in the evaluation of the diagnostic value of a 

CT examination. The mean effective dose of CTFP was found herein to be minor (0.29 

mSv), lower than a head CT examination and therefore, the diagnostic benefit of this 

examination may undoubtedly outweigh any theoretical radiogenic risk associated with 

the examination. On the other hand, efforts should be focused on further reduction of 

radiation exposure based on ALARA principle of radiation protection framework. 

Moreover, a small amount of iodinated non-ionic contrast medium was used in each 

examination. This should be to taken into consideration in patients with chronic kidney 

disease to minimize the of contrast–induced nephrotoxicity. 

 

However, this study has also several limitations. CTFP was not feasible in cases of 

diffuse calcification or absolute occlusion of the lower limb arteries because of the 

disability to set an arterial ROI. Motion artifact is another significant reason for 

compromised image evaluation and false results. Five patients were excluded from this 

study due to above limitations either on the pre-procedural or the post-procedural 

examination. As this is a  prospective study, it is not possible to foresee the outcome of 

the patients. Three patients were treated with surgical revascularization such as axillo-

femoral bypass (n=2) and femoro-popliteal bypass (n=1). Finally, there was one case of 

a patient who died due to myocardial infarction before post-procedural examination. All 

these patients were excluded from the study. Another limitation is the absence of 

correlation between CTFP parameters and measurements from other modalities such as 

TcPO2, CEUS or MRI, which could be a promising area for future research. 
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MRI may also have a significant role in the evaluation of tissue perfusion in patients with 

PAD [5]. Non conventional imaging techniques such as MR diffusion weighted 

imaging  (DWI) and MR perfusion weighted imaging  (PWI) are well validated 

techniques for the diagnosis and the selection of appropriate therapeutic treatment for 

various diseases, especially as regards the study of brain parenchyma and myocardium. 

As far as brain imaging, MR perfusion can be used for evaluation of tissue at risk after 

stroke, for noninvasive histologic assessment of tumours, evaluation of 

neurodegenerative diseases and assessment of therapeutic results of drugs or surgical 

treatment in patients with brain tumours [25,26]. MR perfusion techniques are also 

used during cardiac imaging. They can detect abnormalities in myocardial blood flow 

which are associated with coronary artery disease [27]. Apart from diagnosis and 

prognosis of CAD, it can be performed in patients with cardiomyopathy or congenital 

heart diseases to detect adverse changes in microcirculation or microvascular 

dysfunction [28].  Moreover, this technique can be used in female pelvis for detection of 

cervical cancer (primary tumor or recurrence) and staging of endometrial cancers [29]. 

MR perfusion and diffusion techniques are also valuable tools in male patients with 

prostate cancer. They can detect and localize tumours, stage and grade these tumors, but 

also guide biopsies. Moreover, they are useful for treatment decision and therapy 

evaluation [30]. These techniques can be also used in myoskeletal system. DCE-MRI 

after intravenous Gadolinium administration enables perfusion measurement of skeletal 

muscles. It can be used to estimate the treatment response after chemotherapy in 

patients with skeletal muscle tumours [31]. A study by Soldatos et al, showed that DCE-

MRI can increase sensitivity for determination of treatment response of neoadjuvant 

therapy in patients with soft-tissue sarcomas [32]. Finally, MR perfusion and diffusion 

techniques can differentiate benign from malignant tumors [33] and they can also 

evaluate inflammatory diseases such as Charcot foot or vascular abnormalities [31]. 
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On the other hand, these techniques are rarely used in clinical practice for the evaluation 

of PAD because as it previously referred, imaging methods such as CDUS, CTA or MRA 

can highlight stenoses or occlusions of lower limb arteries and in companion with 

clinical examination are used for the diagnosis and the selection of treatment in patients 

with PAD [1,2]. However, there are efforts by a few researchers to investigate the role of 

MR perfusion and diffusion techniques for the evaluation of foot hypoperfusion and 

estimation of PTA outcomes in patients with PAD. Isbell et al, developed a DCE-MRI 

technique to measure skeletal muscle perfusion in patients with moderate PAD. 

According to their findings, peak-exercise measurement of limb perfusion with DCE-MRI 

can distinguish patients with moderate PAD from controls [34]. Another study of 

Thompson et al, measured the regional distribution of skeletal muscle blood flow during 

postischemic reactive hyperemia using DCE-MRI. They used an occlusive thigh cuff 

which delivers a step-input of contrast concentration (onset of reactive hyperemia), 

when it released and they found an increase in capillary permeability surface during 

reactive hyperemia [35]. Jiji et al, used also a DCE-MRI technique to evaluate calf muscle  

perfusion in patients with PAD and healthy volunteers. They confirmed the 

reproducibility of this technique but did not find any significant differences among these 

groups [36]. Moreover, Versluis et al, determined arterial flow reserve in patients with 

intermittent claudication using an MR phase-contrast technique. They demonstrated 

that this quantitative MR phase-contrast technique can discriminate patients with IC 

from controls [37].  

 

Non Gd-based techniques for muscle perfusion, like arterial spin labeling (ASL) and 

blood oxygenation level-dependent (BOLD) allow quantification of the skeletal muscle 

blood flow in patients with PAD. Pollak et al, used an ASL technique in order to measure 

blood flow in healthy volunteers and patients with PAD. The study showed that ASL is a 

reproducible technique which can show statistically significant differences in peak 
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exercise calf perfusion between study groups [38]. Grözinger et al, evaluated muscle 

perfusion in 10 patients with PAD before and after PTA, using also an ASL technique and 

performed perfusion measurements during reactive hyperemia. They concluded that 

ASL-MRI can detect changes in perfusion parameters such as perfusion value, time-to-

peak and duration of hyperemia after successful PTA [39]. A recent study by Edalati et 

al, also showed that ASL technique can be used to evaluate diabetic feet ulcers and 

distinguish ischemic regions from normal perfused muscle tissue regions [40]. 

Furthermore, Wu et al, performed this technique in patients with different stages of PAD  

and demonstrated that perfusion measurements correlate with the stage of disease, as it 

is expressed by ABI [41]. Blood oxygenation level-dependent (BOLD) technique can be 

also used for evaluation of tissue perfusion. Ledermann et al, compared calf muscle 

perfusion during postischemic reactive hyperemia, in patients with PAD and healthy 

volunteers using BOLD-MRI. They demonstrated that statistical significant differences in 

perfusion parameters were found between the two groups [42]. Similarly, Potthast et al, 

performed BOLD-MRI in patients with IC and volunteers without PAD and showed that 

PAD patients presented reduced T2* values compared to healthy volunteers [43]. 

Another study compared BOLD perfusion measurements with laser Doppler flowmetry 

and TcPO2 in healthy volunteers during ischemia and reactive hyperemia, using a thigh 

cuff. The authors demonstrated that BOLD measurements present moderate to good 

correlation with LDF and TcPO2 measurements [44]. Huegli et al, evaluated the results of 

PTA in patients with PAD using BOLD-MRI. The authors indicated that successful 

revascularization led to perfusion parameter's alterations, such as T2*max, time to peak 

and T2* end value [45]. A recent study also tried to determine quantitative changes in 

microvascular perfusion using IVIM. The study included 8 healthy volunteer s who 

underwent MR IVIM perfusion examination at rest and after 15 min of running/walking. 

The authors revealed that microvascular blood flow increased significantly from rest to 

walking,  so IVIM MRI can detect muscle tissue activation patterns [46].  Finally, Suo et al 
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integrated ASL, BOLD and IVIM MRI imaging in patients with PAD and healthy 

volunteers to investigate their role to diagnose and stage PAD.  According to their 

findings, all the above mentioned methods provide information about tissue perfusion 

but BOLD MRI was the most sensitive method to located differences between study 

groups [47]. 

 

This is the first time, a DCE-MRI technique was used to evaluate PTA outcome in 

patients with CLI. Our findings show that a statistically significant change in perfusion 

parameters is found after successful PTA in CLI patients. Compared to other studies 

(using both Gd-based and non Gd-based techniques) all patients in this study presented 

with CLI (Rutherford 4 to 6 category). We suppose that successful revascularization led 

to significant improvement in the macro- and microvascular status of the foot which 

improves perfusion parameters. We also noticed that there was no significant 

correlation between ABI and perfusion parameters, as these parameters are influenced 

not only by the macrovascular network of the foot (such as ABI) but also from the 

microvascular status of the limb. 

 

However, DCE-MRI was not feasible in cases with severe motion artifact which 

compromised image evaluation. Moreover, as this was a prospective study, it was not 

possible to foresee the outcome of the patients. Three patients did not undergo 

successful endovascular recanalization and they were treated by surgical 

revascularization. Moreover, one patient died before post-procedural examination and 

one patient underwent amputation due to extensive ulcers before post-procedural 

examination too. These patients (n=6) were excluded from the study. Furthermore, the 

post-procedural examinations were performed 1 month after PTA, so they did not 

describe the long-term changes in foot perfusion after PTA.  
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As far as non Gd-based techniques for evaluation of foot hypoperfusion, our research 

examined the possible correlation between perfusion parameters which are derived 

from DCE-MRI and DWI. Gadolinium-based contrast agents improve the diagnostic 

capabilities of MRI but are associated with adverse effects. The most serious of these 

complications is nephrogenic systemic fibrosis which is caused by Gd-based contrast 

administration in patients with CKD or impaired kidney function [48]. Our study showed 

that IVIM parameters correlate with DCE-MRI perfusion parameters after application of 

Gaussian filtering.  Moreover, the study showed that the best DWI fitting method was 

the direct estimation of IVIM parameters and the most accurate perfusion model was 

the Patlak's model.  

 

Based on the above mentioned results, we also compare IVIM perfusion parameters 

between patients with PAD and healthy volunteers and between patients with PAD 

before and after PTA. Flow-related pseudo diffusion inside the capillary network (D*) 

was significantly increased after PTA and there was also a statistically significant 

difference of D* between patients with PAD and healthy volunteers. Therefore, IVIM can 

be also used for evaluation of foot hypoperfusion and discrimination between healthy 

individuals and patients with PAD. Moreover, it can be used for estimation of PTA 

outcome in PAD patients. This examination is additionally safe for patients, as it does 

not require Gadolinium contrast administration.  

 

The information of CT and MR perfusion examinations may be also helpful for selection 

and planning of revascularization strategy. As it is referred in a previous section, after 

the introduction of angiosome theory by Taylor and Palme [49], a great debate on 

targeting the procedures based on angiosomes has been started.  Many vascular 

surgeons and interventional radiologists suggest direct revascularization, as it is 

associated with improved would healing and increased limb salvage in several studies 
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[50-51]. On the other hand, several studies did not show any significant benefit of direct 

revascularization. CT and MR perfusion examinations may aid in quantifying and 

evaluating the angioplasty target area. The parametric perfusion maps can show the 

differences of the perfusion parameters in the affected angiosome after PTA which could 

be extensively useful to compare different endovascular therapeutic approaches (direct 

vs. indirect revascularization). Therefore, this information may be extremely helpful 

during endovascular revascularization planning.  
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Conclusion  

In conclusion, CT, DCE-MRI and DW-MRI are reliable and reproducible techniques which 

can be useful tools for evaluation of lower limb hypoperfusion and estimation of PTA 

outcome in patients with CLI. The information provided by these examinations may aid 

reliable prediction of poor response to revascularization or an imminent amputation in 

patients with CLI. Moreover, they could be promising tools for monitoring of 

endovascular or surgical treatment and planning of  revascularization strategy. Further 

research efforts, including not only CT and MR perfusion techniques but also CEUS, DSA 

perfusion techniques and nuclear spectroscopy techniques,  should be invested into this 

clinically important field in order to identify the most reliable study regarding the 

microvascular state of the foot. They could provide important information to the 

physicians as far as the evaluation of foot hypoperfusion and monitoring of 

revascularization treatment.  
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ABSTRACT

Purpose: To evaluate foot perfusion in patients with critical limb ischemia (CLI) using quantitative perfusion multi–detector-row CT
and estimate perfusion parameter changes before and after percutaneous transluminal angioplasty (PTA).

Materials and Methods: This prospective study investigated 13 patients (10 men; median age, 72 y; range, 51–84 y) with CLI who
underwent CT foot perfusion examinations with a 128-slice dual-energy CT scanner 1 day before and 1 week after PTA. Key parameters
such as permeability surface (PS), blood volume (BV), and blood flow (BF) were analyzed and compared statistically. The studies were
also examined by a second observer to determine interobserver reproducibility.

Results: Revascularization was technically successful in all patients, and mean ankle–brachial index increased from 0.36 ± 0.16 to
0.75 ± 0.22. After revascularization, mean BV increased from 1.55 mL/100 g ± 0.83 to 4.51 mL/100 g ± 1.53, BF increased from 16.28
mL/100 g/min ± 4.97 to 31.49 mL/100 g/min ± 6.86, and PS increased from 3.1 mL/min/100 g ± 1.95 to 8.67 mL/min/100 g ± 3.85
(P < .05). Patients with poor response to revascularization who finally underwent amputation presented lower post-PTA perfusion
parameters values than patients with significant clinical improvement (P< .05). All measurements demonstrated very good interobserver
reproducibility, and intraclass correlation coefficients were 0.91 for BV, 0.94 for BF, and 0.95 for PS. The mean effective dose of the
examination was estimated at 0.29 mSv.

Conclusions: CT foot perfusion is a reproducible technique that may be a useful modality for the estimation of PTA outcome.
Significant restitution of perfusion parameters was observed after successful revascularization.

ABBREVIATIONS

ABI ¼ ankle–brachial index, BF ¼ blood flow, BV ¼ blood volume, CI ¼ confidence interval, CLI ¼ critical limb ischemia, DSA ¼
digital subtraction angiography, PAD ¼ peripheral arterial disease, PS ¼ permeability surface, PTA ¼ percutaneous transluminal

angioplasty, ROC ¼ receiver operating characteristic, ROI ¼ region of interest, TASC ¼ Trans-Atlantic Inter-Society Consensus

Document on Management of Peripheral Arterial Disease, TcPO2 ¼ transcutaneous oxygen partial pressure
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Evaluation of peripheral arterial disease (PAD) includes
clinical history, physical examination, and measurement of
ankle–brachial index (ABI), segmental pressures, pulse
volume recordings, and exercise testing (1–3). There are
also noninvasive tests to evaluate the severity of PAD such
as venous occlusion plethysmography, transcutaneous oxy-
gen partial pressure (TcPO2) measurement, and contrast-
enhanced ultrasound (US). TcPO2 measurement can assess
local oxygen diffusion from the capillary bed through the
skin epidermis, which reflects the microvascular status in the
skin. It is very useful for quantification of PAD, prediction
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of ulcer healing, and determination of the optimum level for
amputation, but measurements are affected by tissue edema,
inflammation, and vasoconstriction. Apart from that, this
examination is not an imaging modality, and it is associated
with a lack of anatomic information (4). Contrast-enhanced
US with the use of microbubble agents can be used to es-
timate muscle perfusion, but it is an operator-dependent
examination and is sometimes associated with artifacts
created by patient movement (5).

Radiologic modalities such as color duplex ultrasound
(US), computed tomographic (CT) angiography, magnetic
resonance (MR) angiography, and digital subtraction angi-
ography (DSA) (1,6) provide significant information about
the distribution of macrovascular lesions of the limbs (eg,
stenoses, occlusions) but not for the local microvascular
perfusion of the feet. These modalities are used in clinical
practice to assess the extent of disease, plan the revascu-
larization strategy, and finally confirm the patency of the
main arteries after treatment. However, they cannot measure
blood flow (BF) to the limb or estimate the influence of
collateral vessels on end-organ perfusion. These modalities
are also incapable of estimating the response to therapeutic
interventions that improve tissue perfusion. CT perfusion
calculates the changes in tissue density after intravenous
injection of contrast medium and allows functional evalua-
tion of tissue vascularity. However, there are few studies on
the role of CT perfusion in PAD (7–9). The purpose of the
present study is to evaluate foot hypoperfusion in patients
with critical limb ischemia (CLI) with the use of quantitative
CT foot perfusion examination and estimate changes in
perfusion parameters before and after successful percuta-
neous transluminal angioplasty (PTA).
MATERIALS AND METHODS

Study Design
The present prospective single-center study was performed to
examine the role of CT foot perfusion in the evaluation of
baseline and posttreatment foot perfusion in patients with
PAD. The study was conducted according to the principles of
the Declaration of Helsinki and in accord with the applicable
national guidelines, regulations, and acts. The study was
approved by the local ethical committee, and all individual
participants provided signed informed consent before
examination.

To be included in the study, patients had to present with
CLI (rest pain or minor/major tissue loss; ie, Rutherford
categories 4–6). Additionally, the anatomic distribution of
atherosclerotic lesions and the patient’s comorbidities and
overall clinical status were required to make them suitable
for endovascular revascularization. Patients had to be able to
understand the purpose of the study, comply with the
follow-up protocol, and provide informed consent. Initially,
patients underwent diagnostic CT angiography to determine
anatomic distribution of arterial disease; the treatment plan
was then decided in a multidisciplinary manner according to
standard institutional protocols and common practice.
Patients who presented with less advanced PAD not
classified as CLI were excluded. Similarly, patients who
underwent surgical revascularization, were treated with a
conservative approach, or underwent a primary amputation
were also excluded. Patients presenting with acute limb
ischemia (duration of symptoms < 2 wk per Trans-Atlantic
Inter-Society Consensus Document on Management of Pe-
ripheral Arterial Disease [TASC] II definition) were
excluded because their condition was not considered to
comply with the aim of the study. Allergy to iodinated
contrast medium, moderate or severe renal impairment
(glomerular filtration rate < 45 mL/min), congestive heart
failure, and severe cardiac rhythm anomalies were also
considered as exclusion criteria.

Patients who fulfilled the aforementioned criteria were
subjected to CT foot perfusion measurement in the affected
foot. Subsequently, the endovascular procedure was carried
out, and technical success was defined as a residual stenosis
less than 30% without flow-limiting dissection in the target
lesion. Enrolled patients underwent a second CT foot
perfusion examination within the first week after treatment.
All patients were followed up with clinical examination at 1,
3, 6, and 12 months and color Doppler US combined with
clinical examination on an annual basis.

Clinical evaluation and measurement of ABI was per-
formed by vascular surgeons before PTA, after PTA, and
during follow-up. Analysis and evaluation of CT foot
perfusion was performed by 2 blinded radiologists, a resi-
dent in radiology with 4 years’ experience in CT and a se-
nior professor of radiology and interventional radiology
with 29 years’ experience in vascular imaging.
Study Population
Between April 2016 and May 2017, 22 selected patients
enrolled in the study. Technical success was achieved in 19
patients, and the other 3 were excluded from subsequent
analysis. These patients presented with multilevel occlusive
disease (TASC class D) with extensively calcified vessels
and were initially judged to be at high risk for surgical
revascularization. Subsequently, after failed endovascular
intervention and following extensive discussion of the pro-
cedural risks, these patients underwent successful surgical
revascularization (2 axillofemoral and 1 femoropopliteal
bypass). One patient who underwent successful PTA died
before post-PTA CT foot perfusion evaluation. In total, 13
subjects (10 men, 3 women) were included in the analysis,
as CT foot perfusion evaluation was not feasible in 5 ex-
aminations. The median age was 72 years (range, 51–84 y).
According to Rutherford classification of PAD, 1 patient
was allocated to class 4, 8 to class 5, and 4 to class 6. Pa-
tients’ main risk factors were hypertension (n ¼ 10),
hyperlipidemia (n ¼ 9), diabetes mellitus (n ¼ 9), smoking
(n ¼ 11), coronary artery disease (n ¼ 4), and previous
endovascular or surgical procedure (n ¼ 4). The study
population’s baseline characteristics are summarized in
Table 1.



Table 1. Clinical Data of Study Population

Pt. No./Sex/Age (y) Risk Factors Lesion Location* Rutherford

Classification

ABI

Before

PTA

6 mo after

PTA

Before

PTA

After

PTA

1/M/64 HT, DM, hyperlipidemia,

smoking, CAD

(L) SFA, POPA 6 2 0.4 1

2/M/75 HT, smoking (L) CIA, EIA 4 2 0.27 0.5

3/M/72 DM, hyperlipidemia, CAD (R) EIA, SFA 5 5 0.4 0.6

4/M/84 HT, DM, hyperlipidemia, smoking (R) SFA, POPA 5 2 0.7 0.9

5/F/62 HT, smoking (R) EIA 5 1 0.2 0.5

6/M/83 DM, hyperlipidemia, smoking, CAD (R) SFA 6 3 0.35 0.55

7/F/51 Smoking (L) CIA, POPA 5 1 0.3 1

8/M/60 HT, DM, hyperlipidemia, smoking (R) SFA, POPA 5 2 0.3 0.9

9/F/78 HT, DM, hyperlipidemia, smoking (R) CIA, EIA, SFA, POPA 5 2 0.1 1.1

10/M/80 HT, DM, hyperlipidemia, CAD (R) SFA, POPA 5 3 0.27 0.75

11/M/55 HT, DM, hyperlipidemia, smoking (L) CIA, EIA 6 5 0.5 0.6

12/M/57 HT, smoking (L) CIA, EIA 5 5 0.58 0.66

13/M/74 HT, DM, hyperlipidemia, smoking (R) SFA, POPA, TPT 6 3 0.3 0.7

ABI ¼ ankle brachial index; CAD ¼ coronary artery disease; CIA ¼ common iliac artery; DM ¼ diabetes mellitus; EIA ¼ external iliac

artery; HT ¼ hypertension; POPA ¼ popliteal artery; SFA ¼ superficial femoral artery; TPT ¼ tibioperoneal trunk.

*Laterality indicated in parentheses: L ¼ left; R ¼ right.
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Imaging Protocol
All studies were performed on a 128-slice CT scanner
(Revolution GSI; GE Healthcare, Chicago, Illinois) at room
temperature. Patients were examined in the supine position,
and the angiography scan was obtained in the craniocaudal
direction. The positions of both feet were stabilized with
adhesive tape during the examination. CT angiography was
performed with a standard protocol from the diaphragm to
the feet after injection of 110 mL of iodinated nonionic
contrast medium (Ultravist 370, iodine at 370 mg/mL;
Bayer Schering, Leverkusen, Germany) followed by 50 mL
of saline solution at a flow rate of 4 mL/s.

Patients also underwent foot perfusion examinations
before and within the first week after endovascular treat-
ment. The acquisition scanning length was 14 cm, enabling
imaging of the entire foot and ankle. A shuttle mode tech-
nique was employed with the following parameters: 0.625-
mm � 64-mm collimation (coverage, 40 mm); 0.4-second
gantry rotation time; pitch, 1.375; 1.25-mm reconstruction
interval thickness; number of passes, 28; time per pass, 1.7
s; 80-kVp tube voltage; reference tube current, 220 mA; and
total acquisition time, 47.7 seconds. Images were obtained
after injection of 40 mL of iodinated nonionic contrast
medium followed by 30 mL of saline solution at a flow rate
of 4 mL/s. Scan delay was individualized for each patient by
using the manufacturer’s proprietary bolus-tracking soft-
ware (SmartPrep; GE Healthcare) to capture 100 HU in the
ascending thoracic aorta to assess the arrival of contrast
medium in the examined area.

The dose–length product of each CT perfusion exami-
nation was recorded. The mean dose–length product was
used to estimate the mean effective dose by using a con-
version coefficient of 0.0002 mSv$mGy�1$cm�1 as previ-
ously proposed (10). All images were transferred to a
dedicated workstation for further analysis.

Image Analysis
CT perfusion images were transferred to a dedicated
workstation (AW server 3.2; GE Medical Systems, Chicago,
Illinois) and analyzed by using commercial CT software
(CT-Perfusion-4D; GE Medical Systems). CT-Perfusion-4D
uses 2 computational algorithms: deconvolution and stan-
dard algorithm. CT perfusion maps of various hemodynamic
parameters such as blood volume (BV), BF, and perme-
ability surface (PS) were created (Fig 1) via a deconvolution
algorithm based on the convolution model. Deconvolution
analysis uses arterial and tissue time–concentration curves
to compute impulse residue function for the tissue. The
advantage of this algorithm is that it corrects time delay in
contrast kinetics, taking into account the actual injection rate
of contrast medium, and offers a more accurate estimation of
impulse residue function. In the present study, the time–
attenuation curve of the input artery was obtained by
placing a region of interest (ROI) on the posterior tibial
artery of the affected limb. If this artery was occluded or
highly calcified, the ROI was placed in the anterior tibial
artery or peroneal artery at the ankle level. Subsequently,
multiple ROIs of the same size were placed around the
entire foot on the dermis and muscle tissues on the dorsal
and plantar aspects of the foot and the heel in the same
region in the pre- and postprocedural examinations.
Changes in relative perfusion parameter measurements



Figure 1. Axial CT image of the left foot (a) and axial perfusion maps of the left foot for the hemodynamic parameters PS (b), BV (c), and

BF (d). Note the red pseudohyperperfusing lines along the margins of bones, which are typical signs of motion artifact on a perfusion

map (arrows, b–d).
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before and after endovascular treatment were calculated.
Studies from 6 patients were examined by a second observer
to determine interobserver reproducibility.
Statistical Analysis
Statistical analysis was performed with MedCalc software
(Medcalc, Mariakerke, Belgium). Wilcoxon signed-rank
tests were used to compare pre- and postprocedural perfu-
sion parameters, ie, BV, BF, and PS. The increase in ABI
was also tested with a Wilcoxon signed-rank test. A Mann–
Whitney test was employed to compare the percentage
changes in perfusion parameters between dermis and muscle
tissue regions, as defined as the percentage change of
parameter values between pre- and post-PTA CT foot
perfusion studies. It was also used to compare perfusion
parameters values between patients with clinical improve-
ment and no amputation after PTA and patients who finally
underwent amputation. Correlation between perfusion
parameter increases and ABI increase was evaluated with a
Spearman rank correlation coefficient because the distribu-
tion of data was not normal, as shown by a Kolmogorov–
Smirnov test. Receiver operating characteristic (ROC)
analysis was performed to evaluate the potential of each
perfusion parameter to differentiate patients with clinical
improvement and no amputation and patients with poor
clinical improvement who underwent an amputation after
PTA. Interobserver agreement was measured with an intra-
class correlation coefficient (ICC). Amputation-free survival
was evaluated with Kaplan–Meier statistics. Amputation-
free survival is a composite metric that incorporates the
hard endpoints of mortality and major amputation. Toe and
distal foot amputations were considered minor amputations.
A P value < .05 was required to consider a test’s results
statistically significant.
RESULTS

Procedural Details and Clinical Outcome
Distribution of atherosclerotic lesions as determined by
diagnostic CT angiography involved stenoses > 50% or
occlusions in the common iliac artery (n ¼ 5), external iliac
artery (n ¼ 6), superficial femoral artery (n ¼ 8), and
popliteal artery (n ¼ 7), taking into consideration that some
patients had more than 1 arterial lesion. Morphologic clas-
sification of target lesions was performed according to the
TASC II classification system and resulted in 1 TASC class
A lesion, 8 TASC class B lesions, 2 TASC class C lesions,
and 2 TASC class D lesions. Technical success was ach-
ieved in all patients (13 of 13) included in the final analysis.
There were no major complications after endovascular
treatment aside from 1 femoral artery pseudoaneurysm
treated with US-guided compression and thrombin injection
(11). PTA was successfully performed in all patients, and
provisional placement of self-expanding nitinol stents
(Luminexx [Bard, Covington, Georgia]; Protege Everflex
[Covidien, Dublin, Ireland]) was performed in 7 patients.
Three patients underwent additional PTA with the use of
drug-eluting balloons (Lutonix; Bard). After successful
revascularization, the mean ABI increased from 0.36 ± 0.16
to 0.75 ± 0.22 (P ¼ .0002; Table 1). The patients were
followed up with clinical examination and color Duplex
US for a mean of 9.1 months (range, 6–15 mo). During
follow-up, 3 patients died as a result of non–procedure-
related causes (colon cancer, myocardial infarction, and
pulmonary embolism). Moreover, clinical status improved
greatly (� þ3 Rutherford categories) in 8 patients and
moderately (þ2 Rutherford categories) in 2 patients at 6 mo
after PTA; these patients did not ultimately undergo ampu-
tation (group A). However, 3 patients showed no clinical
improvement (< þ1 Rutherford categories) after PTA



Table 2. Results of CT Foot Perfusion Examinations in the Study Population

Pt. No. BV (mL/100 g) BF (mL/100 g/min) PS (mL/min/100 g)

Before PTA After PTA Before PTA After PTA Before PTA After PTA

1 0.55 6.61 8.72 36.42 1.11 12.89

2 1.43 5.08 10.95 27.03 1.50 10.15

3 1.40 3.85 15.19 22.26 3.19 5.57

4 1.21 3.35 18.49 31.27 2.49 7.38

5 1.59 3.64 18.87 28.05 6.19 16.15

6 2.62 6.70 21.95 36.80 4.14 8.20

7 0.84 7.31 12.80 43.94 1.27 7.07

8 3.47 4.24 26.94 33.33 7.63 11.62

9 1.22 4.13 14.00 42.66 1.26 6.49

10 1.43 3.89 20.15 31.52 2.70 6.22

11 1.46 3.17 16.74 25.45 2.48 4.02

12 0.58 2.12 12.19 25.67 2.76 3.65

13 2.35 4.48 14.59 24.97 3.57 13.26

Median 1.43 4.13 15.19 31.27 2.70 7.38

Mean ± SD 1.55 ± 0.83 4.51 ± 1.53 16.28 ± 4.97 31.49 ± 6.86 3.1 ± 1.95 8.67 ± 3.85

BV ¼ blood volume; BF ¼ blood flow; PS ¼ permeability surface; PTA ¼ percutaneous transluminal angioplasty; SD ¼ standard

deviation.

Figure 2. Images from an 84-year-old man with CLI of the right lower extremity. (a) DSA shows total occlusion of right distal superficial

femoral artery (arrow). (b) Via a percutaneous ipsilateral approach from the right common femoral artery, the occlusion was traversed

with a hydrophilic guide wire. (c) The patient underwent PTA with the use of a PTA balloon catheter and a drug-eluting balloon to prevent

restenosis. (d) Final DSA shows significant flow restoration without complications. Axial perfusion maps of the foot demonstrate sig-

nificant increases in PS (e,f), BV (g,h), and BF (i,j) after PTA, especially in the peripheral dermal layer (arrowheads, f, h, and j).
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Table 3. Comparison of CT Foot Perfusion Parameter Values

and Mean Percent Increase of These Parameters between

Dermis and Muscle Tissue Regions

Location/Timing BV BF PS

Dermis

Before PTA 1.5 ± 0.86 17.39 ± 7.12 2.62 ± 1.49

Figure 3. Box-and-whisker plots depict the median values and quartile ranges of the perfusion parameters BV (a), BF (b), and PS (c), as

well as ABI measurements (d), before and after PTA. The boxes stretch from the 25th percentile at the lower edge to the 75th percentile at

the upper edge. The median value is depicted as a line across the box. Outliers are depicted as lines at the outer areas of the box plots.
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(group B), of whom 2 underwent minor amputation (toe,
transmetatarsal) and 1 underwent major (above-knee)
amputation as a result of extensive gangrene and tissue
necrosis. The major and minor amputations took place
during the first year after the procedure. The 6- and 12-
month amputation-free survival rates, estimated by Kaplan–
Meier analysis, were 100% and 62.5%, respectively.
After PTA 5.44 ± 1.55 37.37 ± 9.61 10.88 ± 5.85

Increase (%) 345.24 139.14 395.45

Muscle tissue

Before PTA 1.65 ± 0.88 14.85 ± 5.53 3.49 ± 2.25

After PTA 2.73 ± 0.83 22.84 ± 2.88 5.7 ± 2.32

Increase (%) 114.03 73.59 130.31

P Value* .0016 .0333 .0027

Note–Values presented as mean ± standard deviation unless

specified otherwise.

PTA ¼ percutaneous transluminal angioplasty; BV ¼ blood

volume; BF ¼ blood flow; PS ¼ permeability surface; SD ¼
standard deviation.

*Mann–Whitney test of perfusion parameter percentage

change between dermis and muscle tissue regions.
Perfusion Evaluation
Successful revascularization led to a significant change in
perfusion parameters (Fig 2). Qualitative changes in
perfusion parameter maps were found in all patients
postprocedurally (Table 2). After PTA, mean BV
increased from 1.55 mL/100 g ± 0.83 to 4.51
mL/100 g ± 1.53 (P ¼ .0002), BF increased from 16.28
mL/100 g/min ± 4.97 to 31.49 mL/100 g/min ± 6.86
(P ¼ .0002), and PS increased from 3.1 mL/min/100 g ±
1.95 to 8.67 mL/min/100 g ± 3.85 (P ¼ .0002; Fig 3).
Perfusion parameter increases were greater in dermis than
in muscle tissue regions (P ¼ .0016 for BV increase, P ¼
.0333 for BF increase, and P ¼ .0027 for PS increase;
Table 3). There was no significant correlation between
perfusion parameter increases and ABI increase (Fig 4)
per Spearman r test (r ¼ 0.0413, P ¼ .8935 for BV; r ¼
0.215, P ¼ .4814 for BF; and r ¼ 0.462, P ¼ .1118 for
PS). On the contrary, patients who exhibited significant
clinical improvement and did not undergo amputation
during follow-up (group A) had higher post-PTA perfu-
sion values than patients who underwent an amputation
(group B; P ¼ .028 for BV, P ¼ .028 for BF, and P ¼ .0112
for PS). A nonsignificant difference in pre-PTA perfusion
values was observed between these groups (P ¼ .499 for
BV, P ¼ .6121 for BF, and P ¼ .8658 for PS). Moreover,



Figure 4. Correlation analyses between increase in ABI and increase in the perfusion parameters BV (a), BF (b), and PS (c). The cor-

relation analysis graphs demonstrate no significant correlation between these parameters.

Table 4. Comparison of CT Foot Perfusion Parameters

Interval/Parameter Group A Group B P Value

Before PTA

BV 1.67 ± 0.89 1.15 ± 0.49 .4990

BF 16.75 ± 5.54 14.71 ± 2.31 .6121

PS 3.19 ± 2.24 2.81 ± 0.36 .8658

After PTA

BV 4.94 ± 1.42 3.05 ± 0.87 .0280

BF 33.6 ± 6.37 24.46 ± 1.91 .0280

PS 9.94 ± 3.41 4.41 ± 1.02 .0112

Increase (%)

BV 310.32 ± 342.95 185.88 ± 74.71 1

BF 124.93 ± 98.93 69.74 ± 35.55 .3105

PS 342.08 ± 305.92 56.31 ± 21.86 .0280

Note–Values presented as mean ± standard deviation where

applicable. Group A comprises patients with clinical improve-

ment and no amputation after PTA; group B comprises pa-

tients with poor response to PTA who underwent an

amputation.

BF ¼ blood flow; BV ¼ blood volume; PS ¼ permeability sur-

face; PTA ¼ percutaneous transluminal angioplasty; SD ¼
standard deviation.
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only PS increase was significantly greater in group A than in
group B (P ¼ .028; Table 4).

ROC analysis results are presented in Table 5, and ROC
curves are displayed in Figure 5. All perfusion parameters
were found to have high sensitivity and specificity to
predict poor clinical improvement and the occurrence of
amputation after PTA (P < .0001). However, the small
number of patients in the study is inadequate to support
the reported cutoff values. All measurements demonstrated
very good interobserver reproducibility, and ICCs were
0.91 (95% confidence interval [CI], 0.64–0.97) for BV,
0.94 (95% CI, 0.83–0.98) for BF, and 0.95 (95% CI,
0.86–0.98) for PS.

CT foot perfusion analysis was not feasible in 5 exami-
nations (13.9% of total CT foot perfusion examinations) as a
result of (i) diffuse calcification or total occlusion of the
lower-limb arteries and inability to place the arterial ROI
and (ii) motion artifacts that compromised image evaluation
in the preprocedural (n ¼ 4) or postprocedural (n ¼ 1) CT
foot perfusion evaluation. Additionally, 1 patient died of a
myocardial infarction before postprocedural examination.
The mean dose–length product of CT foot perfusion eval-
uation was 1,430.4 mGy$cm, and the mean effective dose
was 0.29 mSv.
DISCUSSION

The technologic advancements in CT systems and the
availability of dedicated CT perfusion software have created
the opportunity for clinical and research investigations such
as the present study. CT is used in clinical practice for a wide
range of applications, but it can also provide qualitative and
quantitative evaluation of tissue perfusion. The CT perfusion
technique is clinically useful for diagnosis of acute cerebral
ischemia (12), for diagnosis and evaluation of the response to
treatment in patients with liver neoplasia (13), and for
detection of hemodynamically significant coronary stenosis
in patients with coronary artery disease (14). It can also be
used to detect prostatic carcinoma (15), as perfusion pa-
rameters were shown to be higher for tumor compared with
normal prostate tissue, or to evaluate the risk for abdominal
artery aneurysm rupture (16). Other applications include the
detection of active lymphoma and the assessment of different
types of tumors (brain, lung, rectal, pancreatic) and predic-
tion of their response to treatment (17). Moreover, CT
perfusion has been used to monitor response to bevacizumab
and radiation therapy in patients with soft-tissue sarcomas
(18). The use of this imaging technique in the study of PAD
or CLI is not widespread because imaging methods such as
color duplex US, CT angiography, or MR angiography are
capable of depicting stenoses and/or occlusions of peripheral
arteries, and, in conjunction with clinical examination, are
decisive in the evaluation of PAD and selection of appro-
priate treatment (1,2).

Dynamic volume CT can provide quantitative and quali-
tative information on perfusion status of the limb. Barfett
et al (7) used an en bloc volumetric CT perfusion technique
in the foot to differentiate between mild and major vascular
impairment in healthy volunteers. A study by Iezzi et al (8)
evaluated CT perfusion parameter changes after endovas-
cular treatment in 10 patients with PAD. They deduced that
foot CT perfusion examination is feasible and reproducible



Figure 5. ROC curves for post-PTA perfusion parameters (BV,

BF, and PS) regarding the ability to predict the occurrence of

amputation after PTA.

Table 5. ROC Analysis of Post-PTA Perfusion Parameters

Regarding the Ability to Predict Poor Response to

Revascularization and the Occurrence of Amputation after

PTA

Parameter AUC P
Value

Sensitivity

(%)

Specificity

(%)

Cutoff

Value

BV 0.933 < .0001 100 80 �3.85

BF 0.933 < .0001 100 90 �25.67

PS 1 < .0001 100 100 �5.57

AUC ¼ area under the curve; BF ¼ blood flow; BV ¼ blood

volume; PS ¼ permeability surface; PTA ¼ percutaneous

transluminal angioplasty; ROC ¼ receiver operating

characteristic.
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and that PTA can induce slight changes in perfusion pa-
rameters. Recently, Hur et al (9) demonstrated the ability of
CT perfusion technique to measure BF of the foot in animals
and humans. The authors concluded that successful revas-
cularization leads to significant increase of BF, especially in
the dermal layer (9).

The present study demonstrates statistically significant
changes in perfusion parameters in patients with CLI after
successful revascularization. Compared with other studies,
all patients had CLI and all but 1 were allocated to Ruth-
erford class 5 or 6. As a result of the severe limb ischemia in
the study population, successful PTA may have led to
improvement in the macro- and microvascular states of the
foot, which subsequently affected perfusion parameters.

In the present study, there was no significant correlation
between ABI and increases in perfusion parameter mea-
surements. Perfusion parameters are influenced by macro-
vascular and microvascular functions of the foot, as opposed
to ABI, which reflects the macrovascular status of the limb.
Moreover, the perfusion parameter changes were greater in
the dermal layer than in the muscle tissues, which has been
reported in only 1 previous study of which we are aware (9).
Finally, patients with clinical improvement who did not
undergo an amputation presented higher post-PTA perfusion
parameter values than patients with poor response who
underwent an amputation after PTA. As a result, CT foot
perfusion may have a prognostic role in the evaluation of
outcomes in patients with CLI and the prediction of
amputation after PTA, but the small number of patients is
inadequate to substantiate this hypothesis.

Radiation exposure should be always investigated in the
evaluation of the diagnostic value of a CT examination. The
mean effective dose from CT foot perfusion analysis was
estimated to be minor in the present study (0.29 mSv), and
the diagnostic benefit of this examination therefore out-
weighs any theoretic radiogenic risk associated with the
examination. Nonetheless, efforts should be focused on
further reduction of radiation exposure based on the “as low
as reasonably achievable” principle of radiation protection.

The present study has several limitations. CT foot
perfusion was not feasible in cases of diffuse calcification or
absolute occlusion of the lower-limb arteries because of an
inability to set an arterial ROI. Motion artifact is another
significant reason for compromised image evaluation and
false results. Five patients were excluded from this study
because of these limitations on preprocedural (n ¼ 4) or
postprocedural (n ¼ 1) CT foot perfusion examination,
representing 13.9% of total CT foot perfusion examinations
(5 of 36). Because this is a prospective study, it is not
possible to foresee the outcomes of the patients. Three pa-
tients were treated with surgical revascularization such as
axillofemoral bypass (n ¼ 2) and femoropopliteal bypass
(n ¼ 1). Finally, 1 patient died of a myocardial infarction
before postprocedural examination. All these patients (n ¼
9) were excluded from the study. Another limitation is the
absence of correlation between CT foot perfusion parame-
ters and measurements from other modalities such as TcPO2,
contrast-enhanced US, or MR imaging, which could be a
promising area for future research.

In conclusion, CT foot perfusion is a reproducible tech-
nique that can be a useful tool for estimation of PTA
outcome in patients with CLI. The information provided by
this examination may aid the reliable prediction of poor
response to revascularization or an imminent amputation in
patients with CLI. Further research efforts, including not
only CT but also MR perfusion and nuclear spectroscopy
techniques, should be invested into this clinically important
field to identify the most reliable study of the microvascular
state of the foot.
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A B S T R A C T

Purpose: Imaging modalities such as CTA and MRA provide significant information about the distribution of
macrovascular lesions of the limbs in patients with peripheral arterial disease but not for the local microvascular
perfusion of the feet. The purpose of this study is to evaluate foot perfusion in patients with critical limb ischemia
(CLI) and estimate percutaneous transluminal angioplasty (PTA) results, using dynamic contrast-enhanced
magnetic resonance imaging (DCE-MRI).
Methods: Ten patients (6 male, median age 68 years) with CLI were examined. All patients underwent DCE-MRI
of the lower limb before and within first month after PTA. Perfusion parameters such as blood flow (BF), Ktrans,
Kep were analyzed and applied for statistical comparisons. The studies were also examined by a second observer
to determine inter-observer reproducibility.
Results: Revascularization was technically successful in all patients and mean ankle brachial index (ABI) in-
creased from 0.37 ± 0.18 to 0.76 ± 0.23, p < 0.05. After PTA, mean BF increased from
6.232 ± 2.867–9.867 ± 2.965mL/min/100 g, Ktrans increased from 0.060 ± 0.022 to 0.107 ± 0.041min−1

and Kep increased from 0.103 ± 0.024 to 0.148 ± 0.024min−1, p < 0.05. All measurements demonstrated
very good inter-observer reliability with an ICC > 0.85 for all perfusion parameters.
Conclusions: DCE-MRI is a safe and reproducible modality for the diagnosis of foot hypo-perfusion. It seems also
to be a promising tool for evaluation of PTA outcome, as significant restitution of perfusion parameters was
observed after successful revascularization.

1. Introduction

Peripheral arterial disease (PAD) characterizes the impairment of
blood flow to the extremities as a result of stenoses and/or occlusions of
the lower limb arteries [1]. The major risk factors for PAD include in-
creased age, cigarette smoking, diabetes mellitus, hyperlipidemia and
hypertension [2]. Clinical presentation of PAD is varied and may appear
as asymptomatic arterial disease with abnormal noninvasive test re-
sults, symptomatic disease presenting as classic or atypical intermittent
claudication, or critical limb ischemia (CLI). CLI is defined as a recur-
ring ischemic rest pain requiring analgesia for> 2 weeks or ulceration
or gangrene of foot or toes with ankle systolic pressure< 50mmHg or

toe systolic pressure< 30mmHg [3].
The goals of treatment for patients with claudication are to relieve

their exertional symptoms, improve their walking capacity and reduce
overall risk of cardiovascular mortality with risk-factor modification
and pharmaceutical therapies [4]. Revascularization is indicated for
severe claudication which has a negative impact on the quality of life,
for rest pain and tissue loss. Revascularization strategies include en-
dovascular (mainly percutaneous transluminal angioplasty (PTA) with/
without stent deployment) or surgical procedures (endarterectomy,
bypass using autologous vein or synthetic conduits) [5]. The choice
between an endovascular or surgery first approach is guided by the
TASC II classification of disease [3].
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Evaluation of PAD includes clinical history, physical examination,
measurement of ankle-brachial index (ABI) [1] and imaging studies
such as color duplex ultrasound (CDUS), computed tomography an-
giography (CTA), magnetic resonance angiography (MRA) and digital
subtraction angiography (DSA) [6]. These imaging modalities can de-
pict the distribution of macrovascular lesions (stenoses, occlusions) of
the lower extremities arteries but they do not specify the local micro-
vascular perfusion status of the limbs. Moreover they cannot estimate
the therapeutic results of endovascular or surgical procedures regarding
the improvement in tissue perfusion.

The purpose of this study is to evaluate foot hypoperfusion in pa-
tients with CLI using dynamic contrast-enhanced magnetic resonance
imaging (DCE-MRI) examination and estimate perfusion parameters
changes before and after successful PTA.

2. Materials and methods

2.1. Study design

The aim of this prospective single-center study is to investigate the
role of DCE-MRI in the evaluation of foot perfusion in patients with CLI.
The study included patients with CLI (Rutherford categories 4–6) with
either rest pain or minor/major tissue loss and anatomic distribution of
atherosclerotic lesions which should make them suitable for en-
dovascular treatment. Initially, patients underwent CDUS and diag-
nostic CTA in order to determine anatomic distribution of athero-
sclerotic lesions. In general, a primary endovascular approach was
preferred whenever possible, even in selected cases with TASC C and D
lesions which were judged as poor surgical candidates.

Patients with acute limb ischemia or less advanced PAD (Rutherford
categories 1–3) as well those who underwent surgical or conservative
treatment were excluded. The exclusion criteria included also all
common contraindications to MRI such as ferromagnetic implants,
pacemakers and severe claustrophobia and contraindications for ga-
dolinium contrast medium injection such as previous severe allergic/
anaphylactoid reaction, severe renal disease (eGFR<30mL/min/
1.73m2) or acutely deteriorating renal function and pregnancy.

Selective patients that fulfilled these criteria were subjected to DCE-
MRI of the affected foot. The patients also underwent a second DCE-
MRI examination within 1 st month after endovascular treatment. All
patients were followed-up with clinical examination at 1, 3, 6 and 12
months and color Doppler ultrasound combined with clinical ex-
amination on an annual basis.

The study was conducted according to the principles of the
Declaration of Helsinki and in accord with the applicable national
guidelines, regulations and acts. The study was approved by the local
ethic committee and all patients signed informed consent prior to ex-
amination.

2.2. Imaging protocol

Studies were performed on a 1.5 T clinical MR Scanner (Vision/
Sonata Hybrid system, Siemens, Erlangen, Germany) enforced with a
powerful 3 T equivalent gradient system (Gradient strength : 45m T/m,
Gradient Slew rate : 200m T/m/ms). A standard quadrature RF bird
cage body coil was used for signal excitation and a two channel array
Head Coil was used for signal detection.

Conventional and quantitative MR imaging protocols include:
The conventional qualitative imaging protocol consisted of a T1

weighted 3D GRE VIBE (Volume Interpolated Breath hold Examination)
sequence (TR/TE/FA: 9.5ms/3.4 ms/15°) and a T2/T1 weighted 3D
GRE CISS (Constructive Interference in Steady State) sequence (TR/TE/
FA: 9.3 ms/4.2 ms/70°), obtained both in sagittal planes at the area of
lower limb. Forty (40) consecutive slices of 2mm slice thickness and in-
plane spatial resolution (pixel size) of 0.49 mm2

(FOV=250×250mm, Matrix size= 512×512 interpolated) were

obtained utilizing either T1 or T2/T1 weighted sequences. Pixel
bandwidth was 130 Hz/pxl in both T1 and T2/T1 weighted sequences.
Acquisition times were approximately 2.5min for both sequences.

The quantitative DCE-MRI protocol of the lower limb was per-
formed utilizing firstly a PD to T1 weighted 3D GRE VIBE sequence
(TR/TE: 7.8ms/2.7 ms) in the sagittal plane with variable flip angles
(FA=5°, 10°, 15°, 20°, 25°, 30°) for the initial calculation of the
parametric T1 maps. Twenty six (26) consecutive slices of 3mm slice
thickness and in-plane spatial resolution (pixel size) of 0.49mm2

(FOV=250×250mm, Matrix size= 512×512 interpolated) were
obtained. Pixel bandwidth was 150 Hz/pxl. The acquisition time was
21 s for each flip angle. Each flip angle was obtained separately and
therefore, the sequence was repeated 6 times. The total acquisition time
for all the set of flip angles was approximately 2min. The final outcome
of this sequence is the production of 26 consecutive slices depicting the
calculated T1 parametric maps with the same anatomical character-
istics (slice thickness, pixel size) of the base aforementioned sequence.
These maps serve as the basis of the calculation of T10 in DCE-MRI
perfusion imaging [7].

The actual T1 weighted DCE perfusion MR imaging of the lower
limb was performed utilizing a T1 weighted 3D GRE VIBE sequence
(TR/TE/FA: 9.5 ms/3.4 ms/15°) in sagittal plane. Twenty six (26)
consecutive slices of 3mm slice thickness and in-plane spatial resolu-
tion (pixel size) of 0.49mm2 (FOV=250×250mm, Matrix size=
512×512 interpolated) were obtained. Pixel bandwidth was 150 Hz/
pxl. The acquisition time was 15 s. The sequence was repeated 40 times.
The first 3 repetitions were used for the calculation of the baseline
signal. Consequently, during the rest 37 repetitions of the aforemen-
tioned sequence, an intravenous continual injection of paramagnetic
contrast medium [(Magnevist, Gadopentetate Dimeglumine, Bayer
Healthcare, Bayer, 0.2mL/kg, (0.1 mmol/kg)] was administered for
approximately one minute. The mean dose of paramagnetic contrast
medium delivered during the examination was 16.5mL (range
14−20ml). The total acquisition time for the 40 repetitions was ap-
proximately 10min.

All images were transformed to a separate dedicated workstation for
further analysis.

2.3. Image analysis

MR images were transferred and analyzed with a commercially
available software (nordicICE v4.0, NNL, Bergen, Norway). DCE-ana-
lysis was performed utilizing an extended Tofts model (3-parameter
fitting). Initially, T1 parametric maps were calculated using a 3D
spoiled gradient echo sequence (3D GRE VIBE) with variable flip an-
gles, as previously discussed. Fast T1 calculations using variable flip
angles is based on the method proposed by Fram EK et al. [8]. This
method is incorporated as a standard T1 measurement procedure on the
(nordicICE) platform. T1 parametric maps are used for the calculation
of the base T10 maps of the anatomic regions (slices) prior to perfusion
analyses.

Quantitative perfusion maps based on pharmacokinetic parameters
such us blood flow (BF), Ktrans and Kep were created from parametric
data fitted to the extended Tofts model utilizing a population-based
arterial input function [7]. Ktrans express the volume transfer coefficient
between blood plasma and extravascular extracellular space (EES), Kep

the exchange rate constant between EES and blood plasma (backflux
exchange rate) and finally BF express flow of blood per unit mass of
tissue [9]. Ktrans and Kep are expressed in min−1 and BF in ml/min/
100 g of tissue. Subsequently, multiple ROIs were placed around the
entire foot, on the dermis and muscles tissues in the pre- and post-
procedure examination and the change in the relative perfusion para-
meters was calculated. Analysis and evaluation of DCE-MRI was per-
formed by two blinded radiologists to determine inter-observer relia-
bility.
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2.4. Statistical analysis

Statistical analysis was performed with MedCalc (version Medcalc
Software, Mariakerke, Belgium). Wilcoxon signed rank tests were used
to compare perfusion parameters such as BF Ktrans and Kep before and
after endovascular treatment. The relative change in ABI was also
tested with Wilcoxon signed rank test. Correlation between perfusion
parameters and ABI was evaluated with Pearson's correlation coeffi-
cient and normal distribution of data was tested with
Kolmogorov–Smirnov test. Amputation-free survival was calculated
using Kaplan–Meier method. Interobserver agreement was assessed
using the interclass correlation coefficient (ICC). A p-value< 0.05 was
considered as statistically significant.

3. Results

3.1. Study population

Between March 2015 and April 2019, 16 selective patients enrolled
in the study. Technical success was achieved in 13/16 patients. Three
cases with multilevel occlusive disease (TASC D), who underwent sur-
gical revascularization after failed endovascular revascularization, were
excluded from subsequent analysis. Moreover, there was one patient
who died before post-procedural examination due to ischemic stroke
and one patient who underwent amputation due to extensive ulcers and
osteomyelitis before post-procedural examination. DCE analysis was
not feasible in one case due to motion artifacts which compromised
image evaluation. Totally, 10 patients (6 male, 4 female) with a median
age of 68 years (range 58–79 years) were included in the final analysis.
Patient's main risk factors were hypertension (n=8), hyperlipidemia
(n=10), diabetes mellitus (n= 8), smoking (n= 9) and coronary ar-
tery disease (n=5). According to Rutherford classification of PAD, two
patients were allocated to class 4, six patients to class 5 and two pa-
tients to class 6 PAD. The study population's baseline characteristics are
summarized in Table 1.

3.2. Procedural details – clinical outcome

Patients presented hemodynamically significant stenoses or occlu-
sions in common iliac artery (n=4), external iliac artery (n= 5), su-
perficial femoral artery (n= 7), popliteal artery (n=4) and below the
knee arteries (n= 4) taking into consideration that some patients had
more than one arterial lesion. The majority of patients had multilevel
arterial disease but we only refer the targeted vessels for endovascular
recanalization. Technical success was achieved in all patients included
in final analysis, without major complications. PTA was successfully
performed in all patients, drug coated balloons (Lutonix, Bard) were
used in two patients and provisional stenting using self- expanding ni-
tinol stents (Luminexx, Bard), (Protege Everflex, Covidien) was per-
formed in seven patients (Table 2). There was significant hemodynamic

improvement in all patients and mean ABI increased from 0.37 ± 0.18
to 0.76 ± 0.23 after revascularization (p < 0.05). All patients re-
ceived the optimal medical treatment for hypertension, hyperlipidemia
and diabetes mellitus. After PTA they received single or dual anti-
platelet therapy as it is displayed in Table 2. The patients were fol-
lowed-up with clinical examination and color Duplex ultrasonography
for a mean duration period of 24 months (range 6–48). No recurrent
hemodynamically significant stenoses were found at the site of the in-
tervention during US examination, except patient No5 who underwent
a second PTA with successful restoration of flow. During follow up one
patient died due to acute myocardial infarction, one patient underwent
major (above-knee) amputation due to extensive tissue necrosis and
there were also two patients who underwent minor (toe) amputations
(Table 2). The 12-month amputation-free survival rate, estimated by
Kaplan-Meier analysis, was 80%.

3.3. Perfusion evaluation

Successful revascularization led to a significant change in perfusion
parameters (Fig1). After PTA, mean BF increased from
6.232 ± 2.867–9.867 ± 2.965mL/min/100 g, Ktrans increased from
0.060 ± 0.022 to 0.107 ± 0.041min−1 and Kep increased from
0.103 ± 0.024 to 0.148 ± 0.024min−1, p < 0.05. (Table 3, Fig. 2).
There was no significant correlation between perfusion parameters and
ABI, as it was tested with Pearson's correlation coefficient (r= 0.37,
p=0.106 for Ktrans, r= 0.39, p=0.085 for Kep and r= 0.41,
p=0.074 for BF), (Fig3). The studies were also analyzed by a second
observer to determine inter-observer reliability. All perfusion para-
meter measurements presented very good inter-observer reliability with
an ICC greater than 0.85 for all perfusion parameters and specifically
0.92 (95% CI 0.82−0.97) for Ktrans, 0.87 (95% CI 0.7−0.95) for Kep,
and 0.89 (95% CI 0.73−0.95) for BF.

4. Discussion

Non conventional imaging techniques such as MR diffusion
weighted imaging (DWI) and MR perfusion weighted imaging (PWI) are
well validated techniques for the diagnosis and the selection of ap-
propriate therapeutic treatment for various diseases, especially as re-
gards the study of brain parenchyma [10] and myocardium [11]. Apart
from MR perfusion techniques, CT can provide qualitative and quanti-
tative evaluation of tissue perfusion. However, these techniques are
rarely used in clinical practice for the evaluation of PAD because ima-
ging methods such as CDUS, CTA or MRA can highlight stenoses or
occlusions of peripheral arteries and combined with clinical examina-
tion are used for the diagnosis and the selection of treatment in patients
with PAD [1,3,5].

DCE-MRI with intravenous Gadolinium administration enables
perfusion measurement of skeletal muscles. It can be used to differ-
entiate benign from malignant tumors and estimate the treatment re-
sponse after chemotherapy. Moreover, DCE-MRI is useful for the eva-
luation of inflammatory diseases such as Charcot foot or vascular
abnormalities [12]. Isbell et al., developed a DCE-MRI technique to
measure skeletal muscle perfusion in patients with moderate PAD.
According to their findings peak-exercise measurement of limb perfu-
sion with DCE-MRI distinguishes patients with PAD from controls [13].
Another study of Thompson et al. measured the regional distribution of
skeletal muscle blood flow during postischemic reactive hyperemia
using DCE-MRI. They used an occlusive thigh cuff which delivers a step-
input of contrast concentration (onset of reactive hyperemia), when it
released [14]. Non Gd-based techniques for muscle perfusion, like ar-
terial spin labeling (ASL) and blood oxygenation level-dependent
(BOLD) allow quantification of the skeletal muscle blood flow in pa-
tients with PAD. West et al. used ASL technique in order to measure
blood flow in healthy volunteers and patients with PAD. The study
showed statistically significant differences in peak exercise calf

Table 1
Clinical data of study population.

Pt No Sex Age Risk Factors Rutherford Classification

1 M 76 HT, HL, SM 5
2 M 75 DM, HL, SM,CAD 5
3 M 66 DM, HT, HL,SM, CAD 5
4 M 68 DM, HT, HL,SM, CAD 4
5 F 68 DM, HT, HL,SM 6
6 F 66 DM, HT, HL,SM, CAD 4
7 F 79 DM, HT, HL,SM 5
8 M 58 DM, HT, HL,SM, CAD 5
9 M 64 DM, HL 6
10 F 72 HT, HL, SM 5

Abbreviations: M=Male, F= Female, HT=Hypertension, DM=Diabetes
Mellitus, HL=Hyperlipidemia, SM=Smoking, CAD=Coronary artery disease.
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perfusion between these groups [15]. Grözinger et al., evaluated muscle
perfusion in 10 patients with PAD before and after PTA using MR-ASL
perfusion measurements during reactive hyperemia. They concluded
that ASL-MRI can detect changes in perfusion parameters after suc-
cessful PTA [16]. A recent study also showed that ASL technique can be
used to evaluate diabetic feet with ulcers and distinguish ischemic re-
gions from normal perfused muscle tissue regions [17]. Ledermann
et al., compared calf muscle perfusion in patients with PAD and healthy

volunteers with BOLD-MRI. They demonstrated that statistical sig-
nificant differences in perfusion parameters were found between the
two groups [18]. Another study also evaluated the results of PTA in
patients with PAD using BOLD-MRI. The authors indicated that suc-
cessful revascularization leads to perfusion parameter's alterations,
such as T2*max, time to peak and T2* end value [19]. Furthermore, a
recent study showed that there is correlation between DWI and DCE-
MRI perfusion parametric maps in patients with PAD after smoothing of

Table 2
Procedural and Follow-up details.

Pt No Lesion location Endovascular procedure Medical therapy after PTA ABI pre-
PTA

ABI post-
PTA

Follow-up Rutherford classification (ABI) or event

1 month 6 month 1 year
1 (R) CIA,EIA PTA Stenting Clopidogrel (0.25) (0.6) Minor (toe) amputation

(0.6)
3 (0.5) 3 (0.5)

2 (L) SFA, POPA, TPT, PA PTA Aspirin+ Clopidogrel (0.33) (0.55) (0.5) Death(AMI) –
3 (R) SFA DCB PTA Aspirin+Clopidogrel (0.55) (0.73) (0.7) 2 (0.7) 2 (0.8)
4 (R) SFA, POPA PTAStenting Aspirin+Clopidogrel (0.53) (0.9) (0.9) 1 (0.9) 2 (0.8)
5 (R) CIA, EIA, CFA PTA Stenting Clopidogrel (0.2) (0.4) Minor (toe) amputation

(0.5)
5 (0.4) 5 (0.3)

6 (L) EIA, SFA PTAStenting Aspirin+ Clopidogrel (0.64) (1.1) (1) 2 (0.9) 2 (0.9)
7 (L) CIA, EIA, SFA, POPA PTA Stenting Aspirin+ Clopidogrel (0.1) (1.1) (1.1) 1 (1) 1 (0.9)
8 (R) SFA, POPA, PTA,

ATA
PTA Stenting Aspirin+ Clopidogrel (0.2) (0.7) (0.7) 3 (0.7) 3 (0.6)

9 (L) SFA DCB PTA Aspirin+ Clopidogrel (0.4) (0.8) (0.7) 2 (0.6) 2 (0.6)
10 (R) CIA, EIA PTA Stenting Clopidogrel (0.5) (0.7) (0.5) Major amputation –

Abbreviations: CIA=Common Iliac Artery, EIA=External Iliac Artery, CFA=Common Femoral Artery, SFA=Superficial Femoral Artery, POPA=Popliteal
Artery, TPT=Tibioperoneal trunk, PA=Peroneal Artery, PTA=Posterior Tibial Artery, ATA=Anterior Tibial Artery, ABI=Anke-brachial index,
PTA=Percutaneous transluminal angioplasty, DCB=Drug-coated balloon, AMI=Acute myocardial infarction, Event concerns death or amputation (minor/
major).

Fig. 1. A 68-year-old male patient with CLI of right lower extremity. DSA showed total occlusion of right SFA (A) and reconstruction of popliteal artery via collaterals
(B). Through percutaneous approach from the left common femoral artery, the occlusion was traversed with a hydrophilic guide wire (C). The patient underwent
successful PTA and stent placement (D) Final DSA showed significant flow restoration (E). Co-registration of anatomic sagittal T1w sequences combined with Ktrans

and Kep parametric maps before (F,G) and after PTA (H,I) showed significant increase of perfusion parameters after revascularization, especially in the peripheral
dermal layer (arrow).
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the parametric maps using a Gaussian filter [20]. Dynamic CT can also
provide information about perfusion status of the limb. Hur et al. used a
CT perfusion technique in order to measure blood flow of the foot in
animals and humans. They demonstrated that plantar dermis presented
significant blood flow increase after revascularization [21]. Another
study also showed that CT foot perfusion examination is a useful
modality for estimation of PTA outcome in patients with CLI. After
successful recanalization, a statistically significant increase in perfusion
parameters was found. Moreover, patients with clinical improvement
presented higher post-PTA perfusion parameter values compared to
patients with poor response to PTA [22].

To our knowledge, this is the first study using a DCE-MRI technique
in order to evaluate PTA outcome in patients with CLI. Our findings
show that a statistically significant change in perfusion parameters is
found after successful PTA in CLI patients. Compared to other studies

(which also referred to different MRI techniques such as ASL or BOLD),
all patients in this study presented with CLI (Rutherford 4–6 category).
We suppose that successful PTA led to significant improvement in the
macro- and microvascular status of the foot which improves also the
perfusion parameters. We also noticed that there was no significant
correlation between ABI and perfusion parameters as perfusion para-
meters are influenced not only by the macrovascular network of the
foot (such as ABI) but also from the microvascular status of the limb.

Thirty years ago, Taylor and Palme introduced the angiosome
theory in their anatomical study [23]. An angiosome is defined as a 3-
dimensional block of tissue drained by specific vessels. Direct re-
canalization of the artery that supplies ischemic angiosome is asso-
ciated with improved would healing and increased limb salvage in
several studies [24–26]. On the other hand, not all lesions can be
treated based on the angiosome model because of limitations such as

Table 3
Results of DCE-MRI examinations in the study population.

Pt No Gd contrast medium dose (ml) BF pre-PTA (ml/min/100 g) BF post-PTA (ml/min/100 g) Ktrans (min−1) Ktrans (min−1) Kep (min−1) Kep (min−1)

1 16 7.234 10.673 0.050 0.055 0.103 0.184
2 15 6.164 10.282 0.035 0.115 0.053 0.133
3 20 6.991 9.255 0.058 0.065 0.129 0.142
4 18 12.682 14.527 0.109 0.182 0.125 0.149
5 15 3.909 8.373 0.080 0.163 0.128 0.151
6 14 3.218 7.727 0.055 0.095 0.093 0.120
7 15 5.182 9.627 0.042 0.077 0.084 0.105
8 18 8.309 14.182 0.075 0.097 0.099 0.175
9 20 5.645 9.693 0.043 0.094 0.092 0.164
10 14 2.982 4.327 0.052 0.131 0.124 0.158
Mean ± SD 16.5 ± 2.32 6.232 ± 2.867 9.867 ± 2.965 0.06 ± 0.022 0.107 ± 0.041 0.103 ± 0.024 0.148 ± 0.024

Abbreviations: Gd=Gadolinium, PTA=percutaneous transluminal angioplasty, BF=blood flow, SD= standard deviation.

Fig. 2. Box-and-whisker plots depicting the median values and the quartile ranges of various perfusion parameters such as Ktrans (A), Kep (B) and Blood Flow (C), as
well as the values of ankle-brachial index (D) before and after PTA. The boxes stretch from the 25th percentile at the lower edge up to the 75th percentile at the upper
edge. The median value is depicted as a line across the box. Outliers are depicted as lines at the outer area of the box plot.
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difficult access to the vessel or anatomical anomalies and this theory is
also not applicable in by-pass surgery because the least affected artery
is selected as the outflow vessel. As a result, there is great debate on
targeting the procedure based on angiosomes and DCE-MRI may aid in
quantifying and evaluating the angioplasty target area. The DCE-MRI
perfusion maps can show the differences of the hemodynamic perfusion
parameters in the affected angiosome after PTA which could be ex-
tensively useful to compare different endovascular therapeutic ap-
proaches (direct vs. indirect revascularization).

The current study has several limitations. DCE-MRI was not feasible
in cases with severe motion artifact which compromised image eva-
luation. Moreover, this was a prospective study, so it was not possible to
foresee the outcome of the patients. Three patients did not undergo
successful endovascular recanalization and they were treated with
surgical revascularization. Moreover, one patient died before post-
procedural examination and one patient underwent amputation due to
extensive ulcers before post-procedural examination too. These patients
(n=6) were excluded from the study. Furthermore, the post-proce-
dural examinations were performed 1 month after PTA, so they did not
describe the long-term changes in foot perfusion after PTA. Finally, the
small number of patients is not adequate in order to correlate DCE-MRI
results with the clinical improvement of patients.

5. Conclusion

In conclusion, DCE-MRI is a safe and reproducible technique which
can be a useful modality for the evaluation of PTA outcome in patients
with CLI. However, further investigations are warranted, including not
only MRI but also CEUS, CT and nuclear spectroscopy techniques for
the evaluation of foot perfusion and monitoring of endovascular treat-
ment.
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A B S T R A C T

Purpose: The purpose of this study was to correlate diffusion and perfusion quantitative and semi-quantitative
MR parameters, on patients with peripheral arterial disease. In addition, we investigated which perfusion model
better describes the behavior of the dynamic contrast-enhanced (DCE) MR data signal on ischemic regions of the
lower limb.
Methods: Linear and nonlinear least squares algorithms, were incorporated for the quantification of the para-
meters through a variety of widely used models, able to extract physiological information from each imaging
technique. All numerical calculations were implemented in Python 3.5 and include the: Intra voxel incoherent
motion for diffusion and Patlak's, Extended Toft's and Gamma Capillary Transit time (GCTT) models for per-
fusion MRI.
Results: Our initial voxel by voxel correlation analysis didn't show any significant correlation based on the
Pearson's Correlation metric between diffusion and perfusion parameters. To account for the inherited noise
from the raw data, a Gaussian filter was applied to the parametric maps in order for the data to be comparable.
By repeating our analysis in the filtered image maps, a good correlation (> 0.5) of diffusion and perfusion
parameters was achieved.
Conclusions: Perfusion and diffusion MRI quantitative and semi-quantitative parameters can be obtained
through a variety of physiological-pharmacokinetic models. This paper compares most of the widely-known
models and parameters in both techniques with data from patients with peripheral arterial disease. Initial
analysis showed no correlation in the perfusion parametric maps of DWI and DCE MRI data but a good corre-
lation was obtained after smoothing the parametric maps indicating that perfusion information could be ob-
tained from diffusion MRI images in patients with peripheral arterial disease.

1. Introduction

Dynamic contrast enhanced magnetic resonance imaging (DCE-
MRI) is one of the most commonly used imaging techniques for mea-
suring perfusion in biological tissues. DCE-MRI is based on acquiring a
series of T1-weighted (T1W) images through time before and after the
injection of exogenous gadolinium based contrast agent (CA) [1]. This
procedure produces signal intensity time curves that after a suitable

mathematical process and a selection of a proper model may provide
information on vascular permeability, tissue perfusion, and expansions
of extravascular- extracellular spaces (EES) [2].

Diffusion Weighted Imaging (DWI) is a technique that exploits the
mobility of water molecules (molecular diffusion or Brownian motion)
to produce signal on an MR image without contrast administration. A
significant parameter that quantifies the degree of diffusion weighting
(DW) applied is the b-value (in s/mm2) which is mainly related with the
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amplitude and time of the diffusion sensitizing gradients utilized on the
MR scanner. The DW signal as a function of the b-value is considered to
follow a mono-exponential decay providing the Apparent Diffusion
Coefficient (ADC) (mm2/s) [3]. In biological tissues, the mono-ex-
ponential model was not capable of analyzing the DW signal due to the
presence of blood micro-circulation [4]. Τhe micro-circulation of blood
or micro-perfusion was considered to follow a Brownian motion model
due to the random organization of the capillary network. Le Bihan et al.
suggested the Intra-Voxel Incoherent Motion (IVIM) model in order to
take into account both the real diffusion of water and the micro-cir-
culation of blood inside a voxel [4].

Fitting the IVIM model to the DWI data, provides information not
only about water diffusivity but also about soft tissue perfusion. This
advantage of the diffusion IVIM model leads to the clinical question of
the possible correlation between perfusion parameters deriving from
DWI and DCE-MRI and whether the former can provide reliable, clini-
cally-useful tissue perfusion information.

Several published works have shown the positive correlation of
perfusion information between DCE-MRI and DWI in different regions
and pathologies of the human body such as brain malignancies, [5,6]
breast cancer [7] and head and neck squamous cell carcinoma [8].
These studies have in common the aggressiveness of each cancer type
and consequently high vascularity and perfusion. On the contrary, the
study of low tissue perfusion has not been extensively examined. To this
end, we employ DCE-MRI and DWI techniques as a preliminary step for
perfusion quantification on patients with peripheral arterial disease
(PAD). The targeted impact of this work concerns the potential ex-
traction of perfusion information from DWI-MRI avoiding CA admin-
istration especially in cases of clinical or other contraindications.

To address the above issues the aim of this paper is to qualitatively
show the linear relationship between parametric maps originating from
various known models obtained by DWI and DCE-MRI techniques with
the application of a Gaussian filter. This comparative study was applied
to patients with severe PAD before any kind of treatment.

PAD is an atherosclerotic process that causes stenosis or occlusion
on lower extremity arteries. The major risk factors for PAD include
older age, diabetes mellitus, hypertension, hyperlipidemia and smoking
[9]. Patients with PAD may be asymptomatic or develop intermittent
claudication. Ischemic rest pain, gangrene or ischemic ulcers may re-
present severe complications of PAD, leading to critical limb ischemia
(CLI) [10]. Patients with CLI are at a higher amputation risk and require
immediate revascularization by means of surgical or endovascular
procedures [11].

2. Materials and methods

2.1. Patient population

During a 2 year-year study period (2015–2017), 13 patients (8
males, 5 females) with PAD underwent MR examination of lower limb.
The median age was 68 years (range 56–78 years). All patients pre-
sented with CLI and according to Fontaine classification [12], 4 patients
had stage III and 9 patients stage IV PAD. Exclusion criteria were all
common contraindications to MRI, like pacemakers, ferromagnetic
implants and claustrophobia and contraindications for administration
of Gadolinium contrast medium such us renal insufficiency and allergy

to gadolinium. The study was approved by the local ethic committee
and all patients signed informed consent prior to examination.

2.2. MRI protocol

Each of 13 patients underwent MR examination on a 1.5 T clinical
MR Scanner (Vision/Sonata Hybrid system, Siemens, Erlangen,
Germany) enforced with powerful gradients (Strength: 45mT/m, Slew
rate: 200mT/m/ms), equivalent with those gradients operating on 3 T
systems.

The imaging protocol, apart from the conventional sequences, in-
cluded DWI and DCE-MRI quantitative techniques. DW sagittal images
of the lower limb were acquired utilizing a high resolution HASTE
(Half-Fourier Acquisition Single-shot Turbo spin Echo) sequence with
diffusion sensitizing gradients with b-values (b= 0, 50, 100, 150, 200,
500, 800, 1000 s/mm2), number of slices= 13, echo time
(TE)= 105ms, repetition time (TR)=2000ms, matrix
size= 384×384, field of view (FOV)=250×250, slice thick-
ness= 5mm. Additionally, a reverse polarization gradient technique
was applied by acquiring two sets of sagittal DW images, each time
altering the polarization direction of the frequency encoding gradient
A-P and P-A (Anterior-Posterior) [13]. This technique has been applied
for the reduction of machine related geometrical distortions or apparent
distortions in signal intensities. The final calculated image was the
mathematical average of the two aforementioned DW sets. An example
for five b-values of a central slice is shown in Fig. 1.

T1W DCE perfusion MR imaging of the lower limb was performed
by utilizing a 3D VIBE (volume interpolated breath hold examination)
sequence in the sagittal plane with variable flip angles (FA=5°,10°,15°,
20°, 25°, 30°) for the initial calculation of the parametric T1 maps.
Consequently, an intravenous continual injection of the paramagnetic
CA (Magnevist, Gadopentetate Dimeglumine, Bayer Healthcare, Bayer,
0.1 mmol/kg) was administered for approximately 1min. The afore-
mentioned T1W DCE VIBE perfusion sequence was continuously re-
peated for 10min (20 s temporal resolution) after the intravenous in-
jection of the CA with the following imaging parameters: number of
slices= 26, FA=15°, TE= 2.73ms, TR=7.8ms, matrix
size= 512×512, FOV=250×250 and slice thickness= 3mm.

2.3. DWI-MRI analysis

The quantification of both diffusion and perfusion parameters was
implemented in our platform using python 3.5 [14]. More specifically,
all parametric maps were obtained with the use of a trust region re-
flective algorithm [15], suitable for solving nonlinear bound-con-
strained minimization problems as defined in SciPy library [16] (sci-
py.optimize.least_squares).

According to the IVIM, the DWI signal as a function of the b-value is
expressed in Eq. (A.1). S(b) is the measured signal intensity at the
current b-value and S(0) is the measured signal intensity without dif-
fusion gradient attenuation factor (typically a T2 image), D is the dif-
fusion coefficient, D* is the pseudo-diffusion coefficient and f is the
micro-perfusion fraction denoting the ratio of water flowing in capil-
laries to the total water contained in a voxel.

The quantification of the DW signal with the IVIM model is mainly
succeeded by two different fitting methods. The first method is a direct

Fig. 1. DWI sequence of a central slice of the lower
limb with 5 b values.
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estimation of the IVIM parameters using the aforementioned nonlinear
fitting algorithm with the following constraints for each parameter:

f D mm s D mm s(0, 1), (0, 5) 10 / , (10,200) 10 / .3 2 3 2∈ ∈ × ∈ ×− ∗ −

The second method is relied on the fact that for b-values > 200 s/
mm2 the micro-perfusion effect is eliminated and does not contribute to
the DW signal decay [17]. Thus, in the high b-value range (b > 200 s/
mm2) the signal attenuation is considered to be of the form of Eq. (A.2)
and D is estimated by using a linear fit to Eq. (A.2) after taking the
logarithm of both sides (scipy.optimize.lsq_linear). Once D is known,
parameters f and D* are estimated from Eq. (A.1) by using the nonlinear
fitting algorithm with the same bound constraints as in the first method
for all available b-values.

2.4. DCE-MRI analysis

The procedure for the quantification of the DCE-MRI signal has two
important steps [18]. First, the concentration curve as a function of
time of the CA is computed (Ct(t)) and then, after the choice of a sui-
table pharmacokinetic model, nonlinear fitting of the concentration
curve is required in order to produce tissue perfusion parameters.

The linear relationship between the relaxation rates (R1= 1/T1,
R10= 1/T10) and the CA concentration (c) in the tissue is given by Eq.
(A.3). T10 is the relaxation time of tissues before the injection of CA and
T1 after the injection of CA and r1≈ 4.5 s−1 mM−1 is the ratio of CA
concentration to the increase in relaxation rate R1 measured at 1.5 T.

The signal (S) of the variable flip angle (θ) sequence before the
injection of the CA, is given by Eq. (A.4) [19] with TR=7.8ms from
the imaging protocol. S0 is the relaxed signal. Therefore, both S0 and
T10 were fitted to Eq. (A.4) with bound constraints S0∈ (1,10.000),
T10∈ (0,5) ms. Thus, for every voxel in time, the concentration curve
was calculated from Eq. (A.3) after solving for T1 on Eq. (A.4).

In order to provide information about tissue perfusion to patients
with PAD a variety of pharmacokinetic models were used such as, the
extended Tofts model (ETM) [20], the Patlak model (PM) [21], the
steady state model (SSM) [22] and the Gamma capillary transit time
model (GCTT) [23].

ETM is the most widely used model for the analysis of DCE MRI data
[24] and describes a highly perfused tissue with the assumption of a
bidirectional transfer of the CA between the blood plasma and the EES.
Mathematically, the model is described by Eq. (A.5).

The symbol ⊛ represents the convolution operator, KTrans min−1 is
the transfer constant from the blood plasma into the EES and Kepmin−1

is the transfer constant from the EES back to the blood plasma while vp
stands for the plasma volume and Ca(t) for the time concentration curve
of a feeding artery, also known as the arterial input function (AIF). In
our case, the AIF was the same for all perfusion models and selected
carefully by clinicians from the posterior tibial artery. The selection of
the AIF and the AIF curve over time is shown in Fig. 2.

A special case of the ETM when there is no transfer of CA from the
EES back to blood plasma is the PM and it is given by Eq. (A.6). In
addition, if it is assumed that there is no transfer of CA from the blood
plasma into the EES, the SSM model is acquired, indicating that the
concentration of the feeding artery and the tissue concentration are in a
state of equilibrium. The one parameter SSM is presented by Eq. (A.7).

Except from its complex form, the GCTT model was included in this
study since it is a more recently suggested physiological model unifying
well-known models such as the Tofts Model [25],the ETM, the adiabatic
tissue homogeneity (ATH) model [26] and the two compartment ex-
change (2CX) model [27]. The GCTT model is presented in Eq. (A.8). F
mL/mL/min−1is the blood flow or blood perfusion, a−1= tc/τ is the
width of the distribution of the capillary transit times inside a voxel,
γ(a,z) is the gamma function, E is the extraction fraction of CA that is
extracted into the EES during a single capillary transit.

Except from the previous models, two semi quantitative parameters
were also calculated from the signal intensity curve over time SI(t) such

as the area under the curve (AUC) and the relative enhancement ratio
(RER) Eqs. (A.9) and (A.10) respectively.

2.5. Statistical analysis

In this work, two statistical metrics were used, the adjusted R
squared (R 2) and the root mean squared error (RMSE), to determine the
goodness of fit for every voxel. Assuming that the model function is
G(x, t) with parameters x={x1,x2,…,xp} and N data points d the RMSE
formula is given by Eq. (A.11).

R 2 is a generalized metric that is based on the R squared (R2) and its
value will always be less than or equal to that of R [0, 1]2 ∈ . This metric
was proposed to overcome the limitation of R2 concerning that its value
increases when more explanatory variables are added to the model.
Therefore, it was considered to be more suitable for this study than R2

since it captures the number of data points (N) as well as the number of
the explanatory variables (p) of the model function Eq. (A.12).

2.6. Correlation analysis

Firstly, to examine the relation between DWI and DCE-MRI data for
every individual patient, perfusion parametric maps were resized
through cubic interpolation to the size of the diffusion parametric maps.
Pearson's r correlation coefficient was then calculated taking into ac-
count the slices from perfusion and diffusion sequences with the same
slice location dicom tag, while rejecting all voxels from tissues without
significant blood supply (non-perfused) such as the osseous structures
(vp=0). To ensure that after resizing, the parametric maps are accu-
rately registered in space, we performed two tests as shown in Fig. 8.
The color-coded fusion of a DW image on a perfusion T1W image is
presented and a Canny edge detector (σ=0.5) [28] highlighted the
edges of DCE T1W image which are then superimposed on the corre-
sponding DW image. Both tests clearly demonstrated accurate align-
ment in all DWI, DCE-MRI image pairs used in our analyses according to
senior radiologists involved in the study.

The effects of noise, after the fitting process, led to parametric maps
that exhibit large variations within voxels in small neighborhoods
(Fig. 6). Thus, in order to examine the relationship between DCE and
DWI parameters in a more effective and qualitative way, a 5×5
Gaussian filter (σ=0.9) was applied on the derived parametric maps.

2.7. Mutual information analysis

Except from the Pearson's Correlation metric and the consideration
of the images (parametric maps) as random variables, we also calcu-
lated the Mutual Information (MI) of the previously described diffusion
and perfusion parameters with and without Gaussian filter. Mutual
information metric arises from information theory and measures how
much one random variable (an image in our case) tells us about another
[29]. MI is an alternative perspective of checking the correlation be-
tween different imaging techniques that does not take into account only
pixel values such as Pearson's correlation but also the entropy of the
image pair.

Considering two discrete random variables X and Y of size N with
their mass probability functions p(X), p(Y) and with their joint prob-
ability mass function p(x, y) it is possible to calculate their mutual in-
formation. On our case the random variables (X,Y) are (f,vp). Prior to
the definition of the mutual information it is obligatory to define the
entropy of a random variable X which is given by Eq. (A.13). Further-
more, the joint entropy H(X,Y) of a pair of discrete random variables
(X,Y) with a probability mass function p(x,y) is given by Eq. (A.14).
Having the formulae of the entropies above, the MI is calculated by Eq.
(A.15) [30].
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2.8. Signal to noise ratio (SNR)

A significant factor about image quality is SNR. In our study, SNR
was calculated by Eq. (A.16) in which, mean(SIROI) is the mean signal
intensity from the selected region of interest (ROI) and std(BGROI) is the
standard deviation of a background ROI which was meticulously taken
outside of the depicted image volume avoiding any prominent artifact.
Since the recorded signals from the BGROI follow a Rayleigh rather than
a Gaussian distribution, the SNR value was multiplied by the correction
factor 0.655 [31]. For every patient, SIROI was selected from the whole
anatomical image of the central slice. The calculated SNR for DW
images was graphically presented as a box and whisker plot for every b-
value (Fig. 3). The calculated SNR for the variable flip angle Proton
Density weighted (PDW) and T1W images is shown in Fig. 4. Finally,
the calculated SNR for the perfusion weighted images was calculated
for three time points, the one before the injection of the CA (Baseline),
the time at the Maximum signal from the signal intensity curve (time to
peak TTPK) and at the last time point of the perfusion sequence as is
shown in Fig. 5. Every box and whisker plot contains the calculated
SNR for every patient.

3. Results

3.1. DWI and DCE MRI fitting performance

Metrics from the statistical analysis, showed that regarding the DWI
fitting, both the first and the second fitting method were quite accurate
since RMSE and R 2 were as expected at the desired levels, meaning low
RMSE and high R 2. More precisely, for the first fitting method,
RMSE=0.081 ± (0.048), R 2 =0.637 ± (0.292) and for the second
method, RMSE=0.085 ± (0.05), R 2 =0.627 ± (0.285). DCE MRI
statistical metrics for each perfusion model are shown in Table 1. A
graphical representation of each aforementioned model fit in a region
of the peroneus brevis muscle for DWI and DCE-MRI is depicted in
Fig. 9 and Fig. 10 respectively.

3.2. DWI and DCE MRI correlation

Pearson's correlation (r) coefficient was calculated for every perfu-
sion and diffusion model-based parametric map. In Table 2, Pearson's
correlation coefficient r, is presented between the parameter (f-IVIM)
and the perfusion plasma volume parameters. A graphical illustration of
the normalized parametric maps is depicted in Fig. 6. Analogously, r
after the application of the Gaussian filter on the parametric maps is
presented between (f-IVIM) and the perfusion parameters in Table 3

Fig. 2. The blue ROI of the AIF is shown on the T1W image of perfusion sequence (left) and its curve over time on the plot (right). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. SNR as a function of b-values for every patient. Star dots present the mean SNR value and the dotted line is the fitted IVIM function to the star dots.
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while the smoothed parametric maps are shown in Fig. 7. All p-values of
the correlation analysis for both tables were lower than 0.05.

3.3. Mutual information analysis

As in the previous paragraph MI was calculated between f-IVIM
(method 1) and the perfusion plasma volume parameters. The results
for each model are depicted as boxplots before and after applying the
Gaussian filter in Fig. 11.

4. Discussion and conclusions

The main goal of this study was to show the relationship between
diffusion and perfusion related parameters. This constitutes a challen-
ging goal since gadolinium based contrast agents are increasingly re-
stricted due to effects on the human body according to EMA (European
Medicines Agency) [32]. For this reason, the use of DWI taking ad-
vantage of its micro-perfusion instead of perfusion, is of outmost im-
portance.

To the best of our knowledge, the majority of the published works
on patients with PAD disease arterial spin labeling (ASL) and Blood
oxygenation level-dependent (BOLD) MRI techniques are used [33–36]

Fig. 4. SNR as a function of flip angles for every patient. Star dots present the mean SNR value and the dotted line is the fitted Eq. (A.4) to the star dots.

Fig. 5. SNR of the perfusion imaging sequence for three indicative time points (Baseline, TTPK, Last point of imaging sequence).

Table 1
Perfusion statistical Metrics per model.

Fitting model RMSE ± (std) R 2 ±(std)

SSM 0.033 ± (0.092) 0.126 ± (0.171)
PM 0.031 ± (0.091) 0.337 ± (0.316)
ETM 0.039 ± (0.101) 0.322 ± (0.321)
GCTT 0.029 ± (0.082) 0.143 ± (0.221)

Table 2
Pearson's Correlation coefficient r without Gaussian Filtering to the parametric
maps.

Fitting model (parameter) DWI-Method 1 (f) DWI-Method 2 (f)

SSM (vp) 0.082 0.086
PM (vp) 0.073 0.071
ETM (vp) 0.046 0.043
GCTT (E) 0.039 0.045
AUC 0.011 0.013
RER −0.114 −0.107
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to quantify PAD disease. Moreover, DWI technique has not been used.
Thus, a priori knowledge of quantitative results in PAD disease could
not be possible to be compared with our results.

This paper examined the possible correlation between perfusion

parameters derived from DWI and DCE-MRI and whether the former
can provide robust and accurate information regarding perfusion of an
individual anatomic region which in cases of PAD is clinically im-
portant.

To examine this possible correlation, we analyzed PAD data. The
statistical metrics RMSE and R 2 were used for both diffusion and per-
fusion models and were computed in all cases in order to enhance the
reliability of the results. RMSE for diffusion fitting methods and per-
fusion models was (as expected) low and very similar (in order of
magnitude) for all models due to the tolerance of the fitting algorithm
(10−16). Though, the dominant statistical metric that played a great
role to our analysis was the strict metric R 2 due to its ability to handle
the number of data points and explanatory variables of each model.

Due to R 2, it could be expected that the best and the most widely
used model for perfusion imaging would be the extended Tofts model.

Fig. 6. Blood plasma volume related parametric maps. (b) f-IVIM, semi- quantitative: (a) RER and (c) AUC and (d)-(g) SSM (vp), PM (vp), ETM (vp), GCTT (E)
respectively.

Table 3
Pearson's Correlation coefficient r with Gaussian Filtering to the parametric
maps.

Fitting model (parameter) DWI-Method 1 (f) DWI-Method 2 (f)

SSM (vp) 0.429 0.427
PM (vp) 0.379 0.366
ETM (vp) 0.406 0.397
GCTT (E) 0.544 0.551
AUC 0.254 0.252
RER 0.592 0.601

Fig. 7. Blood plasma volume related parametric maps after the application of a 5×5 Gaussian filter (σ=0.9). (b) f-IVIM, semi- quantitative: (a) RER and (c) AUC
and (d)-(g) SSM (vp), PM (vp), ETM (vp), GCTT (E) respectively.
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On the contrary, Patlak's model achieved a little higher R 2 than ETM
(Table 1). This could be attributed to the PAD which causes stenosis or
occlusion on lower extremity arteries. As mentioned earlier Patlak's
model assumes no transfer of CA from the EES back to blood plasma, in
contrast to ETM that assumes a bidirectional transfer of the CA between
the blood plasma and the EES. Regarding to DWI, no significant dif-
ferences on adjusted R2 values between IVIM fitting method 1 and
method 2 were observed.

A variety of perfusion models quantitative and semi-quantitative
and two diffusion analysis methods were used. The results of the
standard fitting procedure (meaning no Gaussian filtering) showed no
correlation at all because Pearson's r was close to zero. However,
looking at the parametric maps, (Fig. 6) the visual inspection of the raw
data confirmed the noise coming from the imaging process and led us to
use the Gaussian filter for smoothing the parametric maps (Fig. 7) and
removing the inherent noise. Subsequently, diffusion parameter f-IVIM
on both diffusion methods was correlated well with GCTT-E (rGCTT
E−fmethod 1= 0.54, rGCTT E−fmethod 2= 0.551) and with RER (rRER−fmethod

1= 0.592, rRER−fmethod 2= 0.601). These encouraging results point out
the necessity for more thorough studies, possibly by utilizing MR
scanners with higher field strengths and diffusion sensitizing gradients.
Moreover, the use of HASTE or TSE sequences enforced with powerful
fast switching diffusion sensitizing gradients and multiple b-values with
higher ranges (> 2000) is an absolute necessity. The ultimate goal
would be therefore, to reduce DCE-MR perfusion examinations by
performing DWI micro-perfusion studies. This will eventually whittle
the use intravenous injections of CA and increase the number of patient
groups enrolling in such type of studies.

Furthermore, in all of our cases of the results from mutual in-
formation analysis (Fig. 11) we observed an increment in MI of image
pairs greater than approximately 42% after the application of the
Gaussian filter. This strongly indicates that Gaussian filtering sig-
nificantly increases the similarity between DWI and DCE image pairs
and explains the vast improvement in the perfusion correlation results.

Similar published works on different parts of the human body and
diseases confirm our results and altogether add to the consistent cor-
relation of DCE and DWI MRI perfusion maps. Kim et al. and Federau
et al. on their research concerning quantitative parameters on brain
malignancies report that f-IVIM and CBV from Dynamic Susceptibility
Contrast MRI, were positively correlated with r=0.67 and r=0.75
respectively [5,6]. Furthermore, Suo et al. on their semi-quantitative
perfusion DCE analysis on breast cancer with a 3 T MR scanner and by
filtering the DCE data with a Gaussian filter, achieved a correlation
between (f-IVIM) values and RER with r=0.55 and (f-IVIM) values and
AUC with r=0.56 [7]. We appraise that possible reasons these two
studies achieved better correlations than ours and Suo's et al., might be:
the absence of macroscopic motion artifacts of the patient, the presence

Fig. 8. (a) Color fusion of aligned DCE-MRI and
DWI. Red color intensity indicates areas of high
perfusion and green intensity represents high DWI
signal. (b) T1W edges with Canny edge detector with
σ=0.5 superimposed on the DW corresponding
image. (For interpretation of the references to color
in this figure legend, the reader is referred to the web
version of this article.)

Fig. 9. IVIM model method 1 and 2 fitted to DWI data obtained from the
peroneus brevis muscle.

Fig. 10. Pharmacokinetic models fitted to DCE data derived from the peroneus
brevis muscle.
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of anatomical barriers (membranes) in the brain that direct the aniso-
tropic water diffusion and the reduced tissue perfusion due to PAD in
our patients. In addition, another reason for the better correlation of
Federau et al. could be attributed to their DWI experimental protocol
consisting of 16 b-values ranging from 0 to 900 s/mm2 that makes the
diffusion measurement more precise.

The purpose of the clinical study in which this work is based, was to
evaluate the perfusion of soft tissues in the foot of PAD patients. Thus,
the relatively slow injection rate was chosen for two reasons. Firstly,
muscles are normally characterized by slow perfusion rate which can be
easily quantified using a slow injection rate. Secondly, the “bolus” in-
jection technique induces susceptibility artifacts from the presence of
highly concentrated contrast agent which in turn can be downgraded
with the slow rate non-bolus administration. The low temporal re-
solution was chosen in order to compensate for the spatial covering of
the imaging volume which has been previously reported in [37]. In fact,
the total volume coverage was 26 space filling slices of 3mm slice
thickness. The selected volume coverage was considered adequate for
the depiction of lower limb arteries and veins that might be related to
blood supply to the ischemic regions of interest.

At this stage it is important to highlight the limitations of this study.
The first limitation is that due to the clinical imaging protocol a good
spatial resolution was chosen at the expense of a compromised SNR
(matrix size 384× 384) at the DW images. Additionally, in order to
estimate the Pearson's correlation coefficient (r) through voxel by voxel

analysis we had to resize the perfusion maps to match the size of the
diffusion maps and this may have had a negative impact on the results.
Regarding our dataset, it is noteworthy that it is limited to a relatively
small subset of patients (N=13) which means that further studies
based on larger cohorts will be necessary for increasing the statistical
significance of our results. Furthermore, the patients of the study pre-
sented with critical limb ischemia and some motion artifacts were ob-
served especially in the perfusion imaging sequence (30min approxi-
mately). To account for this, an idea for future work is to also use image
registration which is hard due to the non-rigid nature of the transfor-
mation which might be affecting the results.

In conclusion, in this study we assessed different DWI and DCE-MRI
analysis methods on data obtained from patients with PAD. According
to R 2 criterion we found that the best DWI fitting method was the direct
estimation of the IVIM parameters (first method) and the most accurate
perfusion model for this disease was the Patlak's model. Initially, IVIM
parameters did not correlate with any of the perfusion parameters
(quantitative and semi-quantitative) but, after the application of Gaussian
filtering, a positive correlation between the extraction fraction E (GCTT)
and RER with the micro-perfusion fraction (IVIM) with both of the DWI
fitting methods rGCTTE− fmethod=0.54, rGCTTE− fmethod=0.551,
rRER− fmethod=0.592, rRER− fmethod=0.601was obtained. Our
results indicate that diffusion IVIM analysis could provide reliable in-
formation about tissue micro-perfusion and can be easily incorporated as a
part of a conventional imaging clinical MRI protocol.

Fig. 11. Mutual information between f-IVIM method 1 and SSM (vp), PM (vp), ETM (vp), GCTT (E), RER, AUC before and after Gaussian filtering.
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Appendix A. Formulae and equations
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