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Abstract:
We present the case of an 81-year-old 
male in which an anatomical variant 
of extraordinarily high common femo-
ral bifurcation misled optimal femoral 
access despite ultrasound guidance 
during routine coronary angiography. 
Arterial ultrasound at the midpoint of 
the femoral head identified an arterial 
bifurcation thought to be the com-
mon femoral artery branching into 
the superficial and profunda arteries. 
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Can you tell us about the program at Dart-
mouth and your role?

Dartmouth-Hitchcock Health is New Hamp-
shire’s largest and only academic health system. It 
serves about two million patients in northern New 
England. I am an associate professor of medicine 
at the Geisel School of Medicine at Dartmouth. 
My practice is focused on percutaneous coronary 
intervention (PCI) and is primarily located at the 
flagship hospital, Dartmouth-Hitchcock Medical 
Center in Lebanon, New Hampshire, which has a 
high-volume, complex coronary care center. My 
research focuses on patient-centered ways of 
understanding risks, and improving quality and 
outcomes while simultaneously reducing costs 
of care. I came to Dartmouth a year ago, because 
we shared a common vision: that care pathways for patients must be focused on 
quality improvement and underpinned by rigorous application of research. 
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Delivering on the  
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Dartmouth-Hitchcock Health 
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Can you discuss the importance of image-guided plaque assessment and 
the use of plaque modification techniques?

Unfortunately, angiography is insensitive for detecting and quantifying ar-
terial calcium that needs advanced vessel preparation. For that reason, we 
previously had a hard time teaching physicians when to utilize plaque mod-
ification, because, at least in the older era, there wasn’t a lot of information 
about what constitutes a lesion that needs aggressive plaque preparation. 
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Recently, we have evolved to rely heavily on an 
intravascular imaging-based approach to deal with 
calcified lesions; our center images over 85% of all 
percutaneous coronary intervention (PCI) cases. We 
typically apply an image-based strategy to determine 
the optimal stenting plan and routinely employ an 
algorithm called MLD MAX, (Morphology, Length, 
Diameter, Medial dissection, Apposition, eXpan-
sion) which is a prescriptive way to use optical 
coherence tomography (OCT) or intravascular 
ultrasound (IVUS) to guide PCI.1 “MLD” is for the 
planning part of the case: define the Morphology, 
determine the Length of the stent, and then figure 
out the Diameter based on intravascular imaging. 
MLD encourages the assessment of calcium pres-
ence or absence, and, if present, to decide, based 
on the calcium morphology, whether advanced 
vessel preparation is needed, and then what the 
best vessel preparation strategy should be. The 
Cardiovascular Research Foundation group came 

out with a paper2 a few years ago demonstrating that 
an OCT scoring system called the calcium volume 
index (CVI) predicts stent expansion, and many of 
us have adopted this scoring system to determine 
when to employ plaque modification. Depending 
upon the arc of calcium, thickness, and calcium 
length, a CVI score of 3 or 4 means that if you don’t 
employ some degree of advanced plaque modifi-
cation, stent under-expansion is far more likely 
to occur. Adequate stent expansion is considered 
80% or greater, or optimally, 90%. There has also 
been a similar calcium scoring system proposed 
for IVUS.3 Now, when we take an image-guided 

approach to understanding lesion morphology, 
we can use an index score to evaluate the lesion to 
help us make decisions about plaque modification. 
When I image a lesion to determine whether to 
modify it, I will use one of the scoring systems, 
because I know that if I see a certain signature 
of calcium on IVUS or OCT, I could have trouble 
with stent expansion. This is especially true for 
long segments of thick, circumferential calcium. 
Interestingly, calcific nodules are one of the entities 
that get you a point in the IVUS scoring system, 
as nodular calcium impedes stent expansion and 
geometry. We know that when stents are not well 
expanded, they tend to fail.

Can you tell us more about the MLD MAX 
algorithm?

One of the struggles in growing adoption of intra-
vascular imaging to guide PCI procedures was that 
there really were no well-practiced or well-taught 

ways to do so. Everybody 
used intravascular imag-
ing a little bit differently; 
there was no consensus. 
To provide a prescriptive, 
step-by-step method to 
perform image-guided 
PCI, a group of us got 
together and came up 
with the acronym MLD 
MAX to plan the case 
and optimize the stent-
ing result. In the pre-PCI 
planning phase, MLD, M 
stands for morphology, 
where the morphology 
we really care about is 
whether there is enough 

calcium to warrant advanced vessel preparation. In 
cases with substantial calcium burden, CVI ≥3, we 
use Shockwave, rotational atherectomy, or orbital 
atherectomy. We also look for any thin-capped 
fibroatheromas, because we know if we land stents 
in those areas, we can have edge dissections. The 
L in “MLD” stands for length, which is a surro-
gate for finding ‘normal to normal’, because if we 
leave inlet and outlet disease at the edge of the 
stent, the stent fails more often. The D in “MLD” 
stands for diameter. We use the OCT to pick the 
diameter of the stent based on the distal reference 
segment, because we know that using OCT or IVUS 

to determine stent sizing is far more accurate than 
using the angiogram, where we tend to get the 
sizing wrong. You drop an OCT catheter down the 
artery, follow the MLD steps, and your procedure 
planning is easy and quick. For the second part 
of the algorithm, MAX, the M stands for medial 
dissection. If you have a major medial dissection, 
especially at the distal stent edge, it is a problem 
and needs to be covered with an additional stent. 
The A is apposition. You look to see whether the 
stent is reasonably apposed. The X is expansion. 
You want to have the stent be 90% expanded in the 
minimal stent area relative to the reference segment 
area, although it is acceptable to be at 80%. The 
MLD MAX algorithm is based on data as to what 
matters for PCI durability, and is a simple roadmap 
on to how to do an image-planned and optimized 
PCI. As a result, procedure success and durability 
is left less to chance than it used to be. There are 
clear, randomized trial results that demonstrate 
intravascular imaging cuts stent failure in half 
and meta-analyses suggest intravascular imaging 
reduces PCI mortality.3-6

What has been your experience with coronary 
intravascular lithotripsy (IVL) across calcium 
morphologies?

We have been using IVL in the coronary arteries 
since its approval last year and have had a very 
pleasant experience. IVL’s ability to change the 
compliance of calcified lesions has been very helpful. 
We really like the ability to use IVL in large arter-
ies, where previously we would have used a 2 mm 
Rotaburr (Boston Scientific) or several passes of 
orbital atherectomy at high speed. We have found 
significant value in adding IVL to our toolbox, 
including for large arteries, for extremely thick 
rinds of calcium upward of 0.8 mm or more, and in 
bifurcations, where it is nice to be able to keep wires 
down both branches during plaque modification. We 
also often utilize IVL in patients with diminished 
left ventricular function. In these patients, mechan-
ical atherectomy can cause substantial stress when 
drilling out calcium, as particles shower downstream 
and adversely impact myocardial perfusion. We 
take great care in mechanical atherectomy cases 
to lessen the stress to the heart and decrease the 
chances of having no reflow from distal particle 
embolization. We often find that with a low ejection 
fraction patient on Impella (Abiomed), the more 
rotational or orbital atherectomy runs you do, and 
the longer the runs are, the longer it takes for the 
patient to recover from that run in terms of the 
hemodynamic parameters. For super-sick patients 
that need calcium modification, if you can deliver 
a Shockwave balloon, it is an easy and gentle way 
to achieve plaque modification with less risk of 
debris showering.

What about specific calcium morphologies such 
as nodular calcium?

Like all calcium, nodular is associated with worse 
outcomes and we know it deforms stents. If you 
don’t debulk it or address it, nodular calcium will 
leave you with a stent that is less expanded than 
it should be; it can be an important contributor 
to under-expansion. If you don’t do something to 
modify nodular calcium up front, you can end up 
beating up on it with a high-pressure noncompliant 

balloon after stenting, where it may be more prone 
to creating perforation as you drive the nodule 
through the vessel wall in trying for better expansion. 

Prior to IVL, how were you treating nodular 
calcium? 

We would use mechanical atherectomy, typical-
ly favoring orbital atherectomy over rotational 

atherectomy. The data that Akiko Maehara presented 
at TCT 2021 from the Disrupt CAD Pooled OCT 
substudy7,8 tracked more efficacy for IVL for nod-
ular calcium than was previously supposed. This 
was a single-arm study and thus not randomized, 
and it used OCT to look at the ability of stents to 
have a favorable geometry and expansion when 
stenting a nodular lesion that had been treated 
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The MLD MAX algorithm is based on data as to 
what matters for PCI durability, and is a simple 
roadmap on to how to do an image-planned 
and optimized PCI. As a result, procedure 
success and durability is left less to chance 
than it used to be. 

CLD talks with Kevin J. Croce, MD, PhD.

CASE REPORT

A 73-year-old male with a past medical his-
tory of coronary artery disease (CAD) and 

recent onset congestive heart failure on opti-
mal medical therapy presented with Canadian 
class 3/4 angina for consideration of revascu-
larization. The patient had a history of periph-
eral artery disease with a right iliac stent and 
right common femoral artery endarterectomy 
with patch repair. He also had a new ischemic 
cardiomyopathy with a left ventricular ejection 
fraction (LVEF) of 25%. Complete blood count 
was within normal limits and the creatinine was 
1.2 mg/dL. Diagnostic angiography done 2 
months prior demonstrated left-dominant anat-
omy with severe calcific CAD (Figure 1). The left 
anterior descending (LAD) artery was a chronic 
total occlusion (CTO), the obtuse marginal 1 
(OM) was a CTO, the distal left circumflex (LCX) 
to left posterior descending artery (LPDA) sys-
tem had a 95% stenosis, and the nondominant 
right coronary artery was a functional CTO (not 
shown). Positron emission tomography viabil-
ity study showed global viability and a LVEF of 
20%. The patient had poor targets for surgical 
revascularization and was turned down for cor-
onary bypass grafting, so we offered high-risk 
percutaneous coronary intervention (PCI). 

The pre-PCI right heart catherization 
showed a pulmonary capillary wedge pres-
sure of 26 mmHg with a cardiac index of 
2.0 L/min/m2. Because of marginal hemody-
namics, we planned Impella (Abiomed)- 
supported PCI. Radial-to-peripheral iliofemoral 
angiography demonstrated (1) a patent right 
iliac stent and common femoral artery patch 
repair site, and (2) a severe calcific left iliac 
stenosis (Figure 2). To avoid access issues at 
the right femoral artery patch repair site, we 
opted for Impella implantation in the left com-
mon femoral artery (LCFA). The Impella sheath 
would not traverse the left iliac stenosis, so 
we treated with peripheral Shockwave balloon 
angioplasty (7.0 mm) (Shockwave Medical) to 
facilitate Impella placement and achieved an 
excellent angioplasty result (Figure 2).  

Figure 1. Diagnostic angiography prior to referral for high-risk PCI. Imaging showed a CTO in the 
left anterior descending artery, a CTO in the obtuse marginal 1, a 95% stenosis in the distal left 
circumflex to left posterior descending artery system, and a functional CTO in the nondominant right 
coronary artery (not shown).

Continued on next page

Figure 2. Peripheral Shockwave intervention to facilitate Impella placement.  (A) Radial to peripheral 
iliofemoral angiography (arrow, calcified iliac stenosis). (B) Iliac Shockwave balloon angioplasty. (C) 
Iliac angiogram after Shockwave balloon angioplasty. 
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with Shockwave IVL. Surprisingly, the stents and 
the outcomes looked good with IVL compared to 
what we know about ballooning nodular calcium 
and putting in a stent, where we see stents with 
suboptimal geometry and suboptimal expansion. 
Our own anecdotal experience had been that IVL 
worked better than anticipated in nodular calcium, 
so it was nice to see that the data supported value 
for IVL technology in this difficult-to-treat entity.

Do you have any best practices to share? 
Best practices are to use intravascular imaging to 

guide PCI procedures. Knowing which atherectomy 
device to choose can be influenced by your pre imaging. 
If it is nodular calcium, you may choose differently 
than if it is a small artery with concentric calcium. 
Image-guided plaque modification requires the ability 
to deliver an imaging catheter. If you can only get 
a wire across and nothing else, then it is obviously 
going to be a rotational or an orbital atherectomy case. 
The algorithms for image-guided calcium treatment 
and modification focus on the crux point of whether 
a device can get through. There is no harm to doing 
rotational or orbital atherectomy, or ballooning, in 
order to get your OCT catheter down and figure 
out what is going on. We often talk about calcium 
fracture as a marker of change in vessel compliance, 
as a sign that it is now feasible to stent. If you are 
uncertain about whether you have achieved adequate 
lesion preparation, at least when you are using orbital 
and rotational atherectomy, looking for a fracture 
of the calcium after ballooning informs whether 
you achieved a change in the compliance that will 
enable your stent to expand well. There is a caveat 
to that, however. Our thinking on whether you need 
to see calcium fracture to stent is being revisited 

with IVL technology, because it works differently 
than mechanical atherectomy devices. The Disrupt 
CAD III trial had an OCT substudy evaluating the 
presence of calcium fracture after treatment with 
the Shockwave IVL.9 They found that cases using 
Shockwave where calcium fracture was not visible 
with OCT achieved similar stent expansion to cases 

when calcium fracture was visible with OCT. Micro 
computed tomography data show that IVL-induced 
calcium fractures are small in size and may be below 
the detection limits of OCT and IVUS. Although the 
idea of looking for visible calcium fracture prior to 
stenting applies for rotational and orbital atherectomy, 
the calcium fractures that Shockwave IVL creates can 
be smaller than what can be seen with OCT. Disrupt 

CAD III data suggest that 
if calcium fractures are not 
visible after IVL, but your 
balloon expands, stents 
should expand well. I be-
lieve that the best practice 
after atherectomy or IVL 
is to take a one-to-one size 
pre-dilation balloon and 
look for it to expand ad-
equately. If the balloon 
expands, it is reasonable 
to move forward with 
stenting. In some cases, I 
will perform pre PCI intra-
coronary imaging, plaque 
modify, use Shockwave 
IVL or orbital or rotational 

atherectomy, balloon, check with OCT or IVUS 
again to make sure calcium fracture is visible, and 
then stent. After post dilation, intravascular imaging 
assessment allows you to make sure the stent is op-
timized. Intravascular imaging offers a clear reality 
check on the fidelity of your decision-making to get 
to the MAX in the MLD MAX algorithm. Do I have 

dissections? What does my apposition look like? And 
do I have 90% expansion?

Any final thoughts? 
People should not skip upfront planning with 

intravascular imaging. There is a huge difference 
between an image-endorsed PCI (saw the angiogram, 
put my balloon up, stented, and checked it on the 
back end with imaging) versus an image-planned 
PCI. An image-planned PCI involves putting the 
imaging catheter down, assessing the MLD portion, 
rationally stenting, post dilating, and checking with 
intravascular imaging for the MAX portion on the 
back end. We have done multicenter research in a 
program called LightLab, looking at OCT workflows1, 
and have found that if you do the case based on the 
angiogram and check the stent with OCT when you 
are done, you use more contrast, ironically, than 
planning and optimizing the case with the MLD MAX 
workflow. Research shows that by planning the case 
with imaging upfront, you save time, probably use 
fewer stents, and can use less contrast. n
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 We next delivered the Impella CP and using 
single access guide technique (SHiP) through 
the Impella insertion sheath, placed a 7 French 
(Fr) left main guide, planning to treat the com-
plex disease in the left circumflex. Diagnostic 
angiography demonstrated that the distal LCX 
to LPDA had progressed to a functional CTO. 
Using an antegrade wire escalation (AWE) 
strategy, we wired the LPDA with a Pilot 200 
wire (Abbott Vascular), redirecting from a 
subintimal location to the artery true lumen. 
Predilation balloons would not expand, and 
intravascular ultrasound (IVUS) showed a 
severe arc of calcium and nodular calcium 
in the mid and distal LCX (Figure 3). With the 
assistance of a deep-seated guide extender, 
we treated with a 3.0 mm Shockwave balloon 
to modify the calcium compliance to facili-
tate optimal stent expansion (Figure 3). After 
Shockwave treatment, 1-to-1 sized AngioScu-
lpt scoring balloons (Philips) expanded well, 
and we placed overlapping drug-eluting stents 
distal to the OM1 CTO into the LPDA. We next 

tackled the OM1 CTO with an AWE strategy. 
Using a Mongo wire (Asahi Intecc), we redirect-
ed from a subintimal location to the true lumen 
of the OM1. After 2.0 mm balloon inflation and 
nitroglycerine administration, the OM1 diame-
ter was small, so we opted to stop at a balloon 
angioplasty result with non-flow limiting 
dissection, rather than placing a stent. We fi-
nally stented the proximal to mid left circum-
flex, IVUS optimized the stent expansion, 
and achieved an excellent IVUS and angio-
graphic result (Figure 3). Having used 180 ccs 
of contrast to achieve the 2-vessel CTO AWE 
revascularization, we opted to stage the LAD 
CTO PCI procedure. We weaned the Impella 
in-lab, explanted the device, and the patient 
was discharged 3 days later at baseline 
renal function. 

Three weeks later, we performed LAD CTO 
PCI. The LVEF had improved to 35%, and the 
patient was euvolemic and hemodynamically 
well compensated. Right radial occlusion 
and left radial vasospasm prevented 7 Fr 
radial access, so we re-accessed the LCFA, 

where angiography showed a widely patent 
iliac Shockwave treatment zone from the 
prior case. Using a 7 Fr system, diagnostic 
angiography demonstrated patency of the 
LCX, LPDA, and OM1 treatment sites. We 
next utilized an AWE strategy to address the 
LAD CTO (Figure 4). CTO wires immediately 
tracked subintimal and using a Mongo wire, 
we used mini-subintimal tracking and ante-
grade reentry (STAR) to reenter the LAD with 
<20 mm subintimal distance (Figure 4). Ini-
tial noncompliant balloons would not expand 
completely. IVUS showed (1) severe circum-
ferential and nodular calcium in the proximal 
and mid LAD, and (2) limited (<20 mm) sub-
intimal tracking before luminal reentry. We 
treated with a 3.5 mm Shockwave balloon to 
modify the calcium compliance to facilitate 

optimal stent expansion. After additional 
predilation with 1-to-1 sized noncompliant 
balloons, we placed overlapping stents, post 
dilated under IVUS guidance, and achieved 
excellent IVUS and angiographic results 
(Figure 4). The patient was discharged the 
following day, and on follow-up has had 
complete resolution of angina and no further 
heart failure exacerbations. Intravascular 
imaging identifies calcified stenoses that 
restrict stent expansion and reduce the 
durability of PCI revascularization. Shock-
wave intravascular lithotripsy improves the 
compliance of calcified stenoses to facilitate 
optimal expansion, with the goal of improv-
ing short- and long-term stent patency. n

Figure 3. Impella-supported, IVUS-guided, Shockwave-assisted left circumflex CTO PCI. (A) 
Constrained noncompliant balloon (arrow). (B) IVUS identified severe calcium. (C) IVUS identified 
calcific nodule. (D) Shockwave treatment. (E) Final angiogram.

Figure 4. IVUS-guided, Shockwave-assisted LAD CTO PCI. (A) Pre-PCI angio LAD CTO (arrow). (B) 
Mongo knuckle wire for Mini-STAR reentry technique. (C) IVUS identified severe calcium. (D) IVUS 
identified calcific nodule. (D) Final angiogram after Shockwave treatment, noncompliant balloon 
predilation, and IVUS-guided stenting.

Shockwave intravascular 
lithotripsy improves the 
compliance of calcified 
stenoses to facilitate 
optimal expansion.

People should not skip upfront planning with 
intravascular imaging. Research shows that by 
planning the case with imaging upfront, you 
save time, probably use fewer stents, and can 
use less contrast.
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mation on warnings, precautions and adverse events. 
www.shockwavemedical.com/IFU

Please contact your local Shockwave representative for specific coun-
try availability and refer to the Shockwave C2 Coronary IVL system 
instructions for use containing important safety information.
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