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'If the theory does not fit the facts —
too bad for the facts’
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Die Blutgefasse des menschlichen Riickenmarkes.

I. Theil.
Die Gefiasse der Riickenmarkssubstanz.

Von Prof. Dr. Albert Adamkiewiecz.
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(Institut fiir experimentelle Pathologie der k. k. Universitit Krakau.)

{Vorgelegt in der Sitzung am 3. November 1881.)
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Thoracic and Thoracoabdominal Aneurysm Repair:
Is Reimplantation of Spinal Cord Arteries a Waste
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Extent of Segmental Artery Sacrifice in each Patient
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Extent of Segmental Artery Sacrifice in each Patie t

* *

patient # |

normal cerebral function,
but permanent paraplegia

*

respiratory arrest 3 weeks p.o.
C P R in rehabilitation hospital
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100 pts, 8.0 £ 2.6 SA pairs sacrificed:
paraplegia rate: 2% (!)

not explained by
Adamkiewicz’s
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Spinal cord blood supply in patients with
thoracoabdominal aortic aneurysms
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Magnetic resonance angiography of collateral
blood supply to spinal cord in thoracic and
thoracoabdominal aortic aneurysm patients
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'If the theory does not fit the facts —
change the facts’

A. Einsteln
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Experimental Serial
Segmental Artery Occlusion
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Regional Blood Flow (ml/min/gram)

Blood flow recovery starts
within hours after SA
occlusion!

* p=.46 (not significant) * p=.0002 (significant) * p=.0007 (significant)
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| Lumbar ParaspinousiNetwork?*
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Orientation of the Paraspinous Collateral Network

Arterioles prior to and after complete SA sacrifice

- 5 days after SA sacrifice
1 native (all SAs patent)
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Arteriolar Orientation [in degrees]
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Etz et al., J Thorac Cardiovasc Surg. 2011 Apr;141 \ u
Etz et al., J Thorac Cardiovasc Surg. 2015 Apr;14¢




MOUNT SINAI

- Significant Enlargement of lower
thoracic and lumbar collaterals
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IMPLICATION:
THE STAGED REPAIR
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‘J\\\) / conventional approach

One stage
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Neurological Recovery.

//\\ paraplegia rate: 20-30%







After total SA Occlusion: regeneration of arterial perfusion in 5 days —

Postoperative Collateral Network Pressure (CNP)
in % of MAP

90% 1

80%
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Etz et al. J Thorac Cardiovasc Surg. 2010 Dec;140(6 Suppl):S125-30



Staged and adjunctive procedures to preserve spinal cord
flow in group 2

Following the demonstration of the potentially beneficial
effects of a staged repair to encourage spinal cord pre-
conditioning during extensive TAAA repainn the thoracic
endovascular component was implanted during the first
procedure in all cases in which the anatomy was suitable
[i.e, when a distal sealing zone with a maximum diameter
<42 mm was present). Every effort was made to maintain
the perfusion of at least one internal iliac artery (IIA); if
required, iliac branched devices were employved. When left
subclavian artery (LSA) coverage was deemed necessary for
proximal seal, carotid subdavian transposition or bypass
was performed as an initial procedure. These “first stage”
procedures were performed 6—10 weeks before definitive
TAAA reparr.

group 1
conventional endo

14.0% SCI

group 2

+ lower limb perfusion

+ postop maintanance
of high blood pressure

+ staged procedure

1.2% SCI

i
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Minimally invasive
Segmental artery coil embolization

Coil-occluded (right) / patent SA (left)
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Hypothesis: Preemptive Conditionig with Minimally Invasive Segmental
Artery Coilembolisation (MISACE) may help to prevent SCI

J Thowae Cordivwese Surg. 2004 Jomoery | 1470 1) 220 dod: 10010044 jievs 3003 0% (022

Endovascular Coil Embolization of Segmental Arteries Prevents
Paraplegia After Subsequent TAAA Repair — An Experimental
Model
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MISACE: safety

e
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E 4 W Control
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Spinal cord damage was most prominent in the T9-T13 region. Almost no necrosis 1s seen
in the coiled region (T11-L3) for Group 2.

Geisbiisch et al.

no histologic damage In coiled areas !



MISACE technique
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MISACE proof of concept —
,FIRST-IN-MAN*
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Endovascular repair
2nd-stage

8 week interval

- Endo repair with a four-branched stent-

graft (T-branch, CE-marked, Cook Medical,
Bjaeverskov, Denmark) in general anesthesia with
adjunctive CSF-drainage

- all remaining open SAs between the T7
and the infrarenal aorta occluded w/o
endoleakage

discharged home w/o neurologic deficit
on POD #8
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staged preconditioning — now clinically available

staging with only 1-2 sessions in the cath lab

reduced steal / clean OR field / shorter OR times

reduction of type Il endoleakage after endo repair




Setting the stage: Thoracoabdominal aortic aneurysm repair in 2 acts

Grayson H. Wheatley 111, MD

See related art

Ischemic spinal cord injurny

EDITORIAL COMMENTARY

Editorial Commentary
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Wheatley

cord ischemia. Perioperative adjuncts such as intraoperative
monitoring of spinal cord function with motor- and

The third breakthrough represented by the MISACE tech-
nique is that an interval is needed between coil-embolizing

, There are several important breakthroughs relating |
to managing and preventing spinal cord injury that |«
have been simultaneously brought together with the

MISACE technique.
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technigque is the capacity to selectively coil-embolize
segmental arteries. Although this can be done with
percutaneous techniques using local anesthesia, the ability
to selectively cannulate a segmental artery is very intricate
and not simple. This is especially the case In patients
undergoing TAAA with tortuous anatomy and thrombus in
the aneurysm sac. The authors note that in 1 of their
patients, the tortuous iliac artery anatomy prevented them
from coil-embolizing a unilateral segmental artery.
Moreover, once the vessel is selectively cannulated, it is
important to preserve as much of the collateral network as
possible by only occluding the ostium of the segmental

artery. These techniques are not within the realm of

most aortic surgeons and frequently multidisciplinary
collaboration 1s required.

vascular, needs to be In the minds of aortic surgeons and
interventionalists. Etz and colleaguesi have exposed a
new frontier in managing and helping prevent spinal cord
injury associated with TAAA repair.
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multicentre, open label, randomized
controlled clinical trial
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Paraplegia Prevention in Aortic Aneurysm Repair by Thoracoabdominal Staging
with ‘Minimally-Invasive Segmental Artery Coil-Embolization (MISACE)’:
A multicentre randomized controlled trial (PAPA_ARTIS)
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To be analysed: n =160 (interim 1), 220 (interim 2), 275 (final)
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PAPA_ARTIS EUROPE (Horizon 2020)

1. CH: Bern
2. DE: Freiburg o — f
3. DE: Hamburg i
4. DE: Leipzig ..
5. FR: Bordeaux e 3."'“ Sweden
7. IT: Bol = R
. IT: Bologna S S,
8. IT: Milan HEE {
9. NL: Maastricht s S g
10. PL: Zabrze .Mj“;z - e . ot 1 Belarus
11. SE: Malmd ey, - il
12. SE: Orebro 8 B @&F i
13. UK: Liverpool . '“’:g" G s
14. US: Houston iy ¢
15. US: Philadelphia oo g ey Turkey

Figure 10 - Participating centres PAPA-ARTIS (EU, Switzerland and the US). Red stars represent recruitment centres and
the yellow stars represent the radiology core lab (Copenhagen, WP6) and the health economics group (Grenada, WP3).
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F Paraplegia Prevention in Aortic Aneurysm Repair by Thoracoabdominal Stac

with ‘Minimally-Invasive Segmental Artery Coil-Embolization (MISACE)":
A multicentre randomized controlled trial (PAPA_ARTIS)

primary
oulc.ome

Independent radio- : End of
hagicial vrification of Surgery/ J0days : 1 yea
inclusion criteria e gty TEVAR SUrg

Ultimate goal: Translation of the ,staged repair‘concept into

clinical practice to achieve

ZERO PARAPLEGIA In

open and endo TAA/A repair

To be assessed for eligibility: n = 450
Sample size To be assigned to the triall  n = 306
To be analysed: n =160 (interim 1), 220 (interim 2), 275 (final)
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Immediate spinal cord blood flow backup
(Kari et al.)
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Mean: 36.8 £ 38.9 hrs (1st Episode)
U Median: 21.6 hrs (1st Episode)
S 7.3 Days or 176 hrs (2nd episode)

Emergence COURTESY OF JOE BAVARIA
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Inzidenz der Paraplegie offene Chirurgie

Open Surgery | year| N ,[A\)T Tylpe TYIIIJG T)Illl?e T)Il\ee
Greenberg et al 2008 | 372 1% 14% | 22% | 10% 2%
Conrad et al 2008 | 471 7% 24% | 20% | 13% 2%
Fehrenbacher 2010 | 343 1% | 4.3% | 5.4% | 3.1% 0%
Coselli et al. 2007 | 2286 # 3.3% | 6.3% | 2.6% | 1.4%
Bavaria et al 2007 94 14% # # # #
Zoli et al 2010 | 609 | 2.3% | 2.5% | 11.5% | 3.9% | 2.2%
Sundt et al 2011 99 3% 0% 0% 0% 0%
Schepens et al 2009 | 571 Paraplegia 5.3%, paraparesis 3%

U
H
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Inzidenz der Paraplegie Endo / Stentgratft

endo Year N DTA | Typel | Typell | Type lll | Type IV
oroenperg | 20081952\ go6 | 100 | 299% | 5% | 3%
Graverfau 2001 | 53 5 704 4 + # #

x et al.

E(alllonrad et | 2008 | 105 | o " ” # #
Za;varla et | 2007 | 140 39 " " ” 4

** “The severity of the SCI (paraplegia versus paraparesis) and the potential for recovery did not differ between treatment modalities
... SCl was more commonly noted immediately after OPEN REPAIR (29% versus 13%) and in a delayed presentation (up to 6
days) after ER”




open repair

e e e
year | N |DTA |Typel W,F n{.‘: TS(S
2008 372 1"y 4% | 22 0% 2%
2008 471 7% 24% | 20% | 139 |
2010 343 1% 43% | 54% | 31% D
2007 | 2286 3.3% | 6.3% % | 1.4%
14% '
2007 94 $$ # # # #
2010 609 23% | 25% | M5% | 39% | 22%
2011 99 3%# | 0% 0% 0% 0%
2009 571 # Paraplegia 5.3%, paraparesis 3%

Aortic X-clamping
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endovascular

Year | N pre——Tyee,_ Type | Type

Typel| |
2008 | 35241 1o; | 10% | 19% | 59N | 3%
2001 5] | 57% | # # # } #
2008 | 105 W7% | # 2 | J | #
2007 | 140 | eyl # Jf' # | #

vs. Segmental Artery

Occlusion
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Retrospective clinical data: significant lower incidence of SCI wit

‘staged repair’ (

Etz et al. J Thorac Cardiovasc Surg. 2010 Jun;139(6):1464-72.
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Ischemic Spinal Cord Injury
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Aortic X-clamping

- open TAA/A repair




SPINAL CORD BLOOD FLOW
prior to, durlng and after SCP @ 28°C
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Human vs. pig
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open questions to be clarified



2 Bestimmung des optimalen Okklusionsmusters

Hypothese: alternierend schnellere Arteriogenese (besser als regional)

Okklusion
alternierend VS. regional
(N=10) (N=10)
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Perfusionsdruck — Blutflul® — Ultrastruktur im Verlauf



3 Optimales Timing / Intervall ?

y J
\\} Z X\} 74
/ /
Cx Cx¥
Ex Cx
£ x Cx
Lgx [[“'
X
Lx 2. Stufe nach {;
s
= £* 5,10 oder 20 Tagen o g[;‘,'
AN 1
(Je N=10)

Etz et al. J Thorac Cardiovasc Surg. 2008 Feb;135(2):324-30
Etz et al., J Thorac Cardiovasc Surg. 2011 Apr;141(4):1029-36
Etz et al., J Thorac Cardiovasc Surg. 2015 Apr;149(4):1074-9



4 Optimales Monitoringverfahren / Validierung Tiermodell

Hypothese: Regionale Nahinfrarot Spektroskopie (NIRS) korreliert
mit Kollateral Perfusion / spinaler Oxigenierung in Echtzeit

Etz et al., Eur J Vasc Endovasc Surg. 2013 Dec;46(6):651-6
Etz et al., Eur J Cardiothorac Surg. 2015 Jun;47(6):943-57
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Direct Spinal Cord Perfusion Pressure Monitoring
in Extensive Distal Aortic Aneurysm Repair

Christian D. Etz, MD, PhD, Gabriele DM Luozzo, MD, Stefano Zoli, MD,
Ricardo Lazala, MD, Konstadinos A. Plestis, MD, Carol A. Bodian, DrPH, and

Randall B. Griepp, MD

Departments of Cardiothoracic Surgery and Anesthesiology, Mount Sinai School of Madicine, Mew Yok, New York

Background. Although maintenance of adequate spinal
cord perfusion pressure (SCPF) by the paraspinal collat-
eral network is critical to the success of surgical and
endovascular repair of descending thoracic and thoraco-
abdominal aortic aneurysms, direct monitoring of SCPP
has not previously been described.

Methods. A catheter was inserted into the distal end of
a ligated thoracic segmental artery (SA} (T6 to LI} in 13
patients, 7 of whom underwent descending thoracic and
thoracoabdominal aortic aneurysm repair using deep hypo-
thermic circulatory arrest. Spinal cord perfusion pressure
was recorded from this catheter before, during, and after
serial SA sacrifice, in pairs, from T3 through L4, at 32°C.
Somatosensory and motor evoked potentials were also
monitored during SA sacrifice and until 1 hour after
caldjopulmona]y by‘_pase.. Target mean arterial pressure
was 90 mm Hg during SA sacrifice and after nonpulsatile
cardiopulmonary bypass, and 60 mm Hg during cardio-
pulmonary bypass.

Results. A mean of 9.8 = 26 SAs were sacrificed
without somatosensory and motor evoked potential loss.
Spinal cord perfusion pressure fell from 62 + 12 mm Hg
(76% = 11% of mean arterial pressure) before SA sacrifice
to 53 & 13 mm Hg (58% % 15% of mean arterial pressure)

araplegia remains the most devastating complication
after repair of extensive descending thoracic (DTA)
and thoracoabdominal aortic aneurysms (TAAA). The
maintenance of adequate spinal cord perfusion pressure
{SCPP) is critical to the success of open and endovascular
repair of DTAs and TAAAs to prevent spinal cord is-
chemia when blood flow to the segmental arteries (5As)
is interrupted.

Monitoring of spinal cord funchion using motor (MEF)
or somatosensory evoked potentials (SSEP) is widely
accepted in the assessment of intraoperative spinal cord
viahility during aortic procedures, but is an indirect
measurement of the adequacy of spinal cord perfusion
[1-6]. If MEPs or SSEPs diminish, the response usually

Accaptad for publication Feb 24, 2009

Prazantad at the Fifty-fifth Annual Masting of the Seuthem Thoracic
Surgical Asseciation, Austin, TX, New 5-8, 2008

Address comrespondence to Dr Bk, Departmant of Cardisthoracic Sur
gery, Mount Sinai School of Medicing, Ona Gustave L Lavy Placs, Maw
York, NY 10028 g-mail: christian.stz@moun tinai.org.

© 2009 by The Society of Thoracic Surgeons
Fublished by Elsevier Inc

after SA clamping. The most significant drop occurred
with initiation of nonpulsatile cardiopulmonary bypass,
reaching 29 + 11 mm Hg (46% #* 15% of mean arterial
pressure) before deep hypothermic circulatory arrest.
Spinal cord perfuainn pressure recovered during re-
warming to 40 = 14 mm Hg (51% = 20% of mean arterial
pressure), and further within the first hour of reestab-
lished pulsatile flow. Somatosensory and motor evoked
potentials returned in all patients intraoperatively. Re-
covery of SCPP began intraoperatively, and in 5 patients
with prolonged monitoring, continued during the first 24
hours postoperatively. All but 1 patient, who had re-
markably low postoperative SCPPs and experienced
paraparesis, regained normal spinal cord function.

Conclusions. This study supports experimental data
showing that SCPF drops markedly but then recovers
gradually during the first several hours after extensive
SA sacrifice. Direct monitoring may help prevent a fall of
SCPP below levels critical for spinal cord recovery after
surgery and endovascular repair of descending thoracic
and thoracoabdominal aortic aneurysms.

{Ann Thorac Surg 2000;587:1764-T4)
© 2009 by The Society of Thoracic Surgeons

involves anesthetic and hemodynamic maneuvers to im-
prove spinal cord perfusion—chiefly by increasing mean
arterial pressure (MAP) and improving cerebrospinal
fluid (C5F) drainage—but the assessment of the efhcacy
of these measures is likewise indirect. It is possible that
inadequate spinal cord perfusion may occur even when
MEP and S5EP monitoring shows no cause for alarm, and
that a more direct, sensitive way of monitoring spinal
cord perfusion could be helpful intranperatively, although
the presence of intact MEP and SSEP already provides
considerable reassurance of adequate intraoperative spinal
cord perfusion.

A recent retrospective study of our clinical cases has
suggested, however, that spinal cord vulnerability to
inadequate perfusion is likely to be highest not during
operation, but in the early postoperative period, and that
inadequate perfusion resulting in spinal cord injury may
oocur with systemic pressures below the individual pa-
tient's usual blood pressure even though those systemic
pressures fall within limits usually regarded as normal

(00B-4 975/ 1953600
doi:10.101&/.athoracsur. 2009, 02,101




SCPP-CATH PLACEMENT
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SCPP = CN pressure — CSF pressure

Five patients 9 + 3 SA sacrificed
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Detection of ischemic spinal cord injury during and after
extensive open or endovascular TAA/A repair utilizing
SSEP and/or MEP monitoring: invasive and expensive

UNIVERSITAT LEIPZIG

Eur 3 Caudiothorac|Surg 2007:31(4) 6438,



Spinal cord monitoring
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Collateral Network

cnNIRS cnNIRS

Image from J Thorac Cardiovasc Surg. 2011, The Collateral Network Concept: A Reassessment of the Anatomy of Spinal Cord Perfusion






FIRST IN-MAN SERIES

Near-infrared Spectroscopy Monitoring of the Collateral Network Prior to,
During, and After Thoracoabdominal Aortic Repair: A Pilot Study

C.D. Etz >™™°, K. von Aspern *°, 5. Gudehus °, M. Luehr °, F.F. Girrbach ®, J. Ender °, M. Borger ®, FW. Mohr *

?Department of Cardiac Surgery, University of Leipzig Heart Center Leipzig, Saxony, Germany
l’D|!|::|.E|rtr'nv|!nt of Cardiothoracic Surgery, Mount Sinai School of Medicine, New York, NY, USA
“Department of Anesthesiology, University of Leipzig, Heart Center Leipzig, Saxony, Germany

(D) Lumbar cnNIRS sensitive to X-clamping & distal perfusion

(1) Diminished lumbar cnNIRS = postoperative SCI*

Eur J Vasc Endovasc Surg. 2013; * comparing patients with and without postoperative spinal cord injury



HYPOTHESIS

Perfusion & oxygenation of the collateral network
directly reflects spinal cord microcirculation?

Can cnNIRS depict spinal cord oxygenation?



Experimental setup
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Experimental Sequence
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<- Baseline

< X-clamping (ischemia: 8 min.) - consecutively
4 times

< Clamp release (recovery)
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Percent of baseline

Collateral Network vs. Spinal Cord

1,6

] cE
160 5 §
140 - S 5
\ @ =
120 1\ gE
N B
10 0N ©T=
N\ G %
80 Cx
m .ﬂ
£ o
60 -
>3
40 m E
L o
; =
20 - 3 @
° 0,0 {*%* " o r=0.65
7 p <0.001
T T T T T T T T
2 A B 8 1,0 1,2 1,4 1,6 1,8
O

Lumbar muscle oxygenation
— (compared to baseline in percent)

Paraspinous CN oxygenation directly
reflects spinal cord tissue oxygenation




Non-invasive cnNIRS
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cnNIRS vs. Spinal Cord Oxygenation
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Conclusions

(1) CN oxygenation reflects spinal cord oxygenation

(D) Lumbar cnNIRS reflects spinal cord oxygenation

Lumbar cnNIRS is an effective tool to non-
Invasively monitor spinal cord oxygenation



