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Aims Plaque rupture has been associated with a high matrix metalloproteinase (MMP) activity. Recently,
regional temperature variations have been observed in atherosclerotic plaques in vivo and ascribed to
the presence of macrophages. As macrophages are a major source of MMPs, we examined whether
regional temperature changes are related to local MMP activity and macrophage accumulation.
Methods and results Plaques were experimentally induced in rabbit (n ¼ 11) aortas, and at the day of
sacrifice, a pull-back was performed with a thermography catheter. Hot (n ¼ 10), cold (n ¼ 10), and
reference (n ¼ 11) regions were dissected and analysed for smooth muscle cell (SMC), lipids (L),
collagen (COL), and macrophage (MF) cell densities (%); a vulnerability index (VI) was calculated as
VI ¼ MFþ L/(SMCþ COL). In addition, accumulation and activity of MMP-2 and MMP-9 were determined
with zymography. Ten hot regions were identified with an average temperature of 0.40+ 0.038C
(P, 0.05 vs. reference) and 10 cold regions with 0.07+ 0.038C (P, 0.05 vs. hot). In the hot
regions, a higher macrophage density (173%), less SMC density (77%), and a higher VI (100%) were
identified. In addition, MMP-9 (673%) activity was increased. A detailed regression analysis revealed
that MMP-9 predicted hot regions better than macrophage accumulation alone.
Conclusion In vivo temperature measurements enable to detect plaques that contain more macro-
phages, less SMCs, and a higher MMP-9 activity.
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Introduction

Rupture of atherosclerotic plaques with subsequent throm-
bus formation is the most important mechanism underlying
acute coronary syndromes.1 These disrupted atherosclerotic
plaques typically consist of a large lipid pool covered with a
thin fibrous cap with large infiltrates of inflammatory cells in
the shoulder of these plaques.2 The rupture is believed to
result from the existence of local weak spots either within
the cap covering the lipid core or within the shoulder of
these plaques.3 These weak spots have been associated
with increased matrix metalloproteinase (MMP)4,5 activity
and subsequent increased breakdown of extracellular
matrix including collagen.1

Recently, temperature differences have been measured in
explanted human plaques and correlated positively with cell
densities.6 Several groups, including our group, confirmed
the existence of temperature differences in vivo and
reported that they were associated with symptoms of

unstable angina, previous myocardial infarction,7,8 or the
presence of macrophages in experimentally induced
plaques.9,10

As macrophages are an important source of MMPs in
atherosclerotic plaques and as rupture of plaque has
been associated with increased activity of MMPs,3,11 we
evaluated the hypothesis that temperature heterogeneity
within the plaque is associated with both macrophage
accumulation and increased MMP activity. To that
end, regional temperature heterogeneity was measured
under well-controlled experimental conditions, and the
temperature heterogeneity was used to select tissue,
which was then tested for macrophage area (%) and MMP
activity.

Methods

Instrumentation

New Zealand white male rabbits (n ¼ 11; weight ¼ 3.6+ 0.2 kg)
(Harlan, The Netherlands) were fed a high (2%) cholesterol diet,
for a period of 2 months. The rabbits were anaesthetized with an
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intramuscular injection of a 2:1 mixture of ketamine and xylazine
and the marginal ear artery was canulated for arterial pressure
measurement with a fluid-filled catheter (Amatek Inc., PA, USA)
and for arterial blood withdrawal. Next, a 40 MHz intravascular
ultrasound (IVUS) catheter (CVUS, Boston Scientific, Maastricht,
The Netherlands) was advanced through the guiding catheter and
located 1 cm upstream of the left renal artery, and a motorized
pull-back was performed at a speed of 0.5 mm/s, spanning an arte-
rial segment of 7 cm. Denudation within this pre-defined segment
was performed by twisting and pulling back an inflated Fogarty
balloon (3Fr, Applied Medical, Laguna Hills, CA, USA) over a length
of 5 cm. After an 8-week follow-up period, the right femoral
artery was dissected for the introduction of a 5Fr sheath. An IVUS
pull-back was repeated through the denuded segment. Subse-
quently, a pull-back was performed with a temperature catheter
(as described subsequently) over the similar arterial segment as
described earlier. On the basis of previous findings, showing an
increased temperature heterogeneity in reduced flow,12,13 a stan-
dard balloon angioplasty catheter inserted through the carotid
artery was inflated proximal to the area of interest to occlude
the aorta and impede flow. Following euthanasia of the rabbit
(Euthasatew; 3 mL/kg), the abdomen was opened and the arterial
segment of interest was dissected and snap frozen in liquid
nitrogen.

All experiments were performed in accordance with institutional
regulations and the guiding principles for the care and use of labora-
tory animals published by the US as approved by the Council of the
American Physiological Society. The lipid profile was measured
according to well-established enzymatic–calorimetric methods
(Roche Diagnostics, IN, USA).

IVUS and thermography

The video-taped IVUS images were digitized at intervals of 0.5 mm
with a resolution of 800 � 600 pixels and stored in a standard PC.
Next, the lumen and the acoustic interface between media and
adventitia were traced semi-automatically by a well-validated
software package,14 and the lumen area and media-bounded area
were calculated from these contours. Wall area was defined as
the difference between these two areas. The thermography
catheter (Thermocore Medical Systems Inc.) has been described in
detail elsewhere.9,15 Briefly, the over the wire, catheter consists
of four thermistors, touching the vessel wall. Accuracy of each of
the thermistors is 0.0068C. The thermography catheter was

connected to a dedicated pull-back system, which allowed a con-
stant pull-back speed of 0.2 mm/s. Finally, the average temperature
of the reference region, i.e. at the region downstream of the
denuded region, was subtracted from each temperature curve for
comparison between animals.

Tissue harvesting and histological analysis

A segment of 500 mm with the temperature peak in its centre was
harvested for immunohistochemical and zymographic analyses.
This 500 mm block was then divided into three blocks: two of
100 mm blocks located at both extremities of the specimen and
one central block of 300 mm. The 100 mm blocks were used for
zymography, whereas the 300 mm block was used for immunohisto-
chemistry. The reference segment was taken downstream of the
denudation area. Immunohistochemistry was performed on 5 mm
cross-sections obtained from fresh–frozen tissue. These cross-
sections were stained for macrophages (RAM-11; Dako Diagnostics
BV, Glostrup, Denmark), smooth muscle cells (SMCs) (a-actin;
Dako Diagnostics BV), and MMP-2 (Biogenesis, USA). Areas of macro-
phages, SMCs, and MMP-2 were calculated relative to the vessel
area (Clemex Technologies Inc., Quebec, Canada) and are reported
as relative densities (%). Lipid content (%) was measured using
Oil-red-O staining, and collagen content was measured using
Picrosirius red (%). A vulnerability index (VI) was calculated and
was defined as the sum of the amount of macrophages and lipids
divided by the sum of SMC content and collagen content.16

Zymography was performed as previously described.17

Data analysis and statistics

To assure appropriate alignment of the temperature measurements
with histology, the lower end of the ostium of the left renal artery
was used as a reference for both the temperature measurements
and the histology. At the end of the experiment, the vessel
segment starting from the lower end of the left renal artery with
a length of 7 cm was dissected and the amount of shrinkage was
monitored. This ratio was multiplied by the location in the tempera-
ture curve to obtain the position in the tissue specimen. Hot and
cold regions within the denuded area were selected on the basis
of the median of the temperature data obtained in the plaque
region. Subsequently, differences between hot, cold, and reference
regions were tested with analysis of variance. Regression analysis
was performed applying linear regression in a standard package.
All tests have been performed two-sided. A P-value less than 0.05

Figure 1 A representative example of an IVUS pull-back and a temperature pull-back for a single rabbit (left panel: A, temperature; B, wall area before injury;
C, wall area after injury) and for the entire group of rabbits (right panel). Both situations show an absence of relationship between IVUS-derived wall thickness
and temperature heterogeneity.
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was considered statistically significant. All values are reported as
mean+ SEM.

Results

Animals and serum lipids

All animals survived the procedure. The cholesterol levels
obtained at 8 weeks of diet were 34.5+ 2.7 mM, which is
�40-fold increase with respect to the values of a normo-
cholesterolaemic control group of rabbits (0.9+ 0.1 mM;
n ¼ 8). These rabbits, exhibiting similar characteristics in
terms of blood pressure, weight, and sex as the intervention
group, have been followed over time for their plasma levels
of lipids. No additional experiments were performed.

IVUS and thermography measurements

The temperature (peak value) in the previously denuded
areas was 0.4+ 0.18C higher than that in the reference seg-
ments, whereas the cold region (0.06+ 0.18C) displayed a
similar temperature as that of the reference region (08C).
The increase in temperature in the denuded area showed
a heterogeneous pattern unrelated to the thickness of the
plaque (Figure 1 ).

Immunohistochemistry and MMP activity

Identification of tissue on the basis of temperature hetero-
geneity resulted in the identification of macrophage-rich
and SMC-poor regions within the plaque (Figure 2 ). Plaque
creation by itself induced more active-MMP-2 accumulation
(P, 0.05; Table 1; Figures 3 and 4 ), whereas selection by
temperature identified an increase in MMP-9 (P ¼ 0.03;
Table 1; Figures 3 and 4 ), a higher macrophage density (%)
(P ¼ 0.02), a higher VI (P ¼ 0.017), less SMC (P ¼ 0.037;
Table 1; Figure 5 ), and less collagen (P ¼ 0.04; Table 1;
Figure 5 ).

Figure 2 A representative example of the cellular composition of hot (left
column) and cold regions (right column). The first row shows the macrophages
(RAM-11 stain; A and E ), the second row the SMCs (a-actin stain; B and F ), the
third row the lipids (Oil-red-O stain; C and G ), and the last row the collagen
(Picrosirius red stain; D and H ). Bar: 500 mm.

Table 1 Immunohistochemistry and zymography-derived parameters of the aorta of
atherosclerotic rabits (n ¼ 31 segments in 11 rabbits)

Hot region Cold region Reference region

Zymography
Active MMP-2 (OD) 988+ 213 1015+ 353 144+ 42�,†

Pro-MMP-2 (OD) 6624+ 1031 4285+ 327 3837+ 452�

MMP-9 (OD) 1286+ 412 191+ 55‡ 560+ 162��

Histology
Macrophages (%) 10.6+ 2.7 6.1+ 1.2‡ 0
Smooth muscle cells (%) 18.4+ 4.9 23.9+ 0.9‡ 0
Collagen (%) 7.2+ 1.2 12.7+ 2.9 0
Lipids (%) 7.0+ 1.7 8.0+ 2.7 0
MMP-2 (%) 0.8+ 0.3 0.8+ 0.3 0

VI-index 1.0+ 0.3 0.5+ 0.1‡ 0

All values are mean+ standard error of the mean. MMP, matrix metalloproteinase; OD, optical density;
VI, vulnerability index as determined from the literature.15 �P , 0.05, hot vs. reference region; †P , 0.05,
cold vs. reference region; ‡P, 0.05, hot vs. cold region; ��P ¼ 0.07, hot vs. reference region for
MMP-9, active MMP-2, and pro-MMP-2 are determined by zymography and signify enzyme function, while
MMP-2 (%) identifies total protein content. In each rabbit, three segments are analysed: hot, cold, and
reference regions. In two rabbits one segment was missing due to technical reasons, leading to 31
segments.
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Regression analysis revealed that temperature hetero-
geneity (DT ) was directly associated with VI (VI ¼ 3.6 �

DT2 0.32, P ¼ 0.003; r ¼ 0.8), but VI was not related with
IVUS-derived wall area (VI ¼ 0.5 � 102 2

� wall area2 0.9,
r ¼ 0.002). Further analysis revealed a direct relationship
of macrophages with temperature heterogeneity (DT ¼

1.4 � 1022
� MF%þ 7.7 � 1022, P, 0.05; r ¼ 0.4), of pro-

MMP-2 with temperature heterogeneity (DT ¼ 3.0 � 1025
�

pro-MMP-2, P ¼ 0.05; r ¼ 0.4), and an inverse relationship
of SMCs with temperature heterogeneity (DT ¼21.02�

SMC%þ 0.7, P ¼ 0.03; r ¼ 0.7), whereas the relationship
between temperature heterogeneity and MMP-9 was posi-
tively correlated (DT ¼ 1.1 � 1024

� MMP-9þ 9.2 � 1022,
P, 0.05; r ¼ 0.5). In contrast, IVUS-derived wall area was
not related to.
To investigate whether macrophages or MMPs were more

important for explaining the variation in temperature
heterogeneity, we performed multi-regression analysis

with both MMPs and macrophages as independent
factors: (DT ¼ 8.3 � 1025

� MF%þ 8.3 � 1025
� MMP-9þ

5.5 � 1022, P, 0.05; r ¼ 0.6). Only MMP appeared signifi-
cant in this equation. Further study with stepwise analysis
revealed that the following model appeared optimal
(DT ¼ 1.1 � 1024

� MMP-9þ 9.4 � 1022, P, 0.05; r ¼ 0.5).

Discussion

Vulnerable plaques have been associated with more macro-
phages, more lipid accumulation, less collagen accumu-
lation, less SMC accumulation, and a higher MMP
activity.2,4 On the basis of these findings, it has been postu-
lated that accumulation of MMPs, produced either by macro-
phages or by SMCs, leads to local collagen degradation
within the extracellular matrix.4,11 We found that in vivo
temperature heterogeneity in atherosclerotic plaques of
hypercholesterolaemic rabbit aortas was associated with

Figure 3 A representative example of hot, cold, and reference regions containing zymography results of pro-MMP-2, MMP-2, and MMP-9 (top) and a temperature
curve (bottom) of the same rabbit. In addition, immunohistochemistry of the MMP-2 staining is shown.
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increased macrophage accumulation, less SMC accu-
mulation, and consequently, an increased VI. Our results
show that temperature heterogeneity was associated with
regions within the plaque of increased MMP-9 activity.
Recently, temperature differences have been detected in

explanted human carotid plaques and human coronary
arteries in vivo.6,7,9,10 Others and we detected temperature
changes in experimentally induced plaques in vivo and
showed that the presence of macrophages was associated
with regional temperature changes.6,7,9,10 Moreover, discon-
tinuation of the lipid-rich diet resulted in a significant
reduction of macrophages, which was associated with the
disappearance of the temperature heterogeneity. The
present study employed a different method for plaque
induction—denudation of the infrarenal aorta—than previous
studies, but it identified a similar relationship between
macrophage accumulation and temperature increments.
The present study shows that the temperature hetero-
geneity is accompanied by a higher VI and a higher MMP-9
activity.
Surprisingly, no relationshipwas found between temperature

heterogeneity and IVUS-derived plaque thickness. This obser-
vation has been shown before9 and may be the result of an
accumulation of macrophages at locations upstream of the
plaque,18 i.e. at locations away frommaximal plaque thickness.
The VI has been recently proposed as a histological marker

for an inflammatory component of atherosclerosis.16 It
incorporates the cumulative effects of known histological
risk factors19,20 and may, therefore, be a surrogate to test
other techniques. The reason for the increase of this index
in our animal model was predominantly driven by an
increase in macrophage accumulation and a decrease in
SMC accumulation. Therefore, these findings suggest that
the increased metabolism of active macrophages might
explain the increase in temperature in these regions.
Matrix MMPs are a family of enzymes and MMP-2 and

MMP-9 belong to the group of gelatinases, which are mainly
involved in the migration of cells through the vessel
wall, and produced by macrophages, leucocytes, and
endothelial cells.4,11,21 They both are expressed in plaques
and MMP-9 has been specifically associated with plaque

vulnerability.4,22,23 Inactive MMP-2 reflects the accumu-
lation of MMP-2 secreting cells, most probably macrophages.
Active MMP-2 reflects the activation of these cells in
response to the plaque development. The differences
between those values may signify the state of activation
of these cells. In contrast, MMP-9 values were increased
in the regions of increased temperature heterogeneity,
which may be explained by the accumulation of macro-
phages in hot regions. The coincidence of high MMP-9
activity with elevated temperature and vulnerability in
this model is in accordance with differential upregulation
of MMP-9 in unstable human coronary lesions and plasma
of patients with acute coronary syndromes.11 MMP-2 activity
is high in the entire denuded region and only weakly corre-
lated with temperature. Therefore, this increase merely
signifies atherogenesis.

Limitations

We have used an animal model with a short duration of a
high cholesterol diet to induce regions of atherosclerotic
plaque formation. The model mimics certain features of
the human form of vulnerable plaque, which are inflam-
mation characterized by macrophage accumulation and
lack of SMCs, and a high histologically determined VI. This
particular model does not include large lipid cores or
spontaneous rupture sites and can therefore only be used
to study the inflammatory component rather than the lipid
components of (vulnerable) plaque.

Stretch and denudation were necessary for plaque induc-
tion, thereby introducing a component of injury to the
model. However, we feel that injury is of minor importance
for the outcomes of the present study, as (i) we compared
hot and cold regions of the same denuded region and (ii)
in the normocholesterolaemic rabbit, balloon angioplasty
of the iliac artery upregulates MMP-2 and induces its
activity, whereas MMP-9 remains below detection limits
after 2 months of healing.24–27 Similar results were found
in hypercholesterolaemic rabbits.28

In order to increase temperature heterogeneity, we inhi-
bited blood flow through the aorta during the temperature

Figure 4 Metalloproteinase activity analysis (MMP-2 and MMP-9) of hot
(black bars) plaques, cold (light grey bars) plaques, and the reference
region (dark grey bars) of the aorta of atherosclerotic rabbits (n ¼ 11).

Figure 5 Cellular components of hot (filled squares) plaques and cold (open
squares) plaques in the infrarenal aorta of a series of 11 atherosclerotic
rabbits. In the right panel, the VI is calculated on the basis of the individual
histological features. Note that the error bars are standard deviation.
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measurements. Therefore, extrapolation of these findings to
clinical conditions needs to be performed with caution.
In conclusion, in vivo temperature measurements under

well-controlled experimental conditions enable to detect
increased vulnerability, as determined by increased macro-
phage infiltration and MMP-9 activity. As these phenomena
have been associated with plaque vulnerability, these find-
ings may implicate an inflammatory mechanism underlying
the high-risk plaque.

Acknowledgements

R.K. is a recipient of the ‘Established Investigator Grant’ of the
Dutch Heart Foundation (grant no. 2002T045).

Conflict of interest: none declared.

References

1. Libby P, Schoenbeck U, Mach F, Selwyn AP, Ganz P. Current concepts in
cardiovascular pathology: the role of LDL cholesterol in plaque rupture
and stabilization. Am J Med 1998;104:14S–18S.

2. Kolodgie FD, Burke AP, Farb A, Gold HK, Yuan J, Narula J, Finn AV,
Virmani R. The thin-cap fibroatheroma: a type of vulnerable plaque:
the major precursor lesion to acute coronary syndromes. Curr Opin
Cardiol 2001;16:285–292.

3. Libby P, Ridker PM, Maseri A. Inflammation and atherosclerosis.
Circulation 2002;105:1135–1143.

4. Galis ZS, Sukhova GK, Lark MW, Libby P. Increased expression of
matrix metalloproteinases and matrix degrading activity in vulnerable
regions of human atherosclerotic plaques. J Clin Invest 1994;94:
2493–2503.

5. Tronc F, Mallat Z, Lehoux S, Wassef M, Esposito B, Tedgui A. Role of matrix
metalloproteinases in blood flow-induced arterial enlargement: inter-
action with NO. Arterioscler Thromb Vasc Biol 2000;20:E120–E126.

6. Casscells W, Hathorn B, David M, Krabach T, Vaughn WK, McAllister HA,
Bearman G, Willerson JT. Thermal detection of cellular infiltrates in
living atherosclerotic plaques: possible implications for plaque rupture
and thrombosis. Lancet 1996;347:1447–1451.

7. Stefanadis C, Diamantopoulos L, Vlachopoulos C, Tsiamis E, Dernellis J,
Toutouzas K, Stefanadi E, Toutouzas P. Thermal heterogeneity within
human atherosclerotic coronary arteries detected in vivo: a new
method of detection by application of a special thermography catheter.
Circulation 1999;99:1965–1971.

8. Stefanadis C, Diamantopoulos L, Dernellis J, Economou E, Tsiamis E,
Toutouzas K, Vlachopoulos C, Toutouzas P. Heat production of athero-
sclerotic plaques and inflammation assessed by the acute phase proteins
in acute coronary syndromes. J Mol Cell Cardiol 2000;32:43–52.

9. Verheye S, De Meyer GR, Van Langenhove G, Knaapen MW, Kockx MM. In
vivo temperature heterogeneity of atherosclerotic plaques is determined
by plaque composition. Circulation 2002;105:1596–1601.

10. Verheye S, Diamantopoulos L, Serruys PW, Van Langenhove G. Imaging of
atherosclerosis. Intravascular imaging of the vulnerable atherosclerotic
plaque: spotlight on temperature measurement. J Cardiovasc Risk
2002;9:247–254.

11. Galis ZS, Khatri JJ. Matrix metalloproteinases in vascular remodeling and
atherogenesis: the good, the bad, and the ugly. Circ Res 2002;90:
251–262.

12. Stefanadis C, Toutouzas K, Vavuranakis M, Tsiamis E, Vaina S, Toutouzas
P. New balloon-thermography catheter for in vivo temperature measure-
ments in human coronary atherosclerotic plaques: a novel approach for
thermography? Catheter Cardiovasc Interv 2003;58:344–350.

13. Stefanadis C, Toutouzas K, Tsiamis E, Mitropoulos I, Tsioufis C,
Kallikazaros I, Pitsavos C, Toutouzas P. Thermal heterogeneity in stable
human coronary atherosclerotic plaques is underestimated in vivo: the
‘cooling effect’ of blood flow. J Am Coll Cardiol 2003;41:403–408.

14. Bom N, de Korte CL, Wentzel JJ, Krams R, Carlier SG, van der Steen AW,
Slager CJ, Roelandt JR. Quantification of plaque volume, shear stress on
the endothelium, and mechanical properties of the arterial wall with
intravascular ultrasound imaging. Z Kardiol 2000;89(Suppl. 2):105–111.

15. Verheye S, De Meyer GR, Krams R, Kockx MM, Van Damme LC,
Mousavi Gourabi B, Knaapen MW, Van Langenhove G, Serruys PW.
Intravascular thermography: immediate functional and morphological
vascular findings. Eur Heart J 2004;25:158–165.

16. Shiomi M, Ito T, Hirouchi Y, Enomoto M. Fibromuscular cap composition is
important for the stability of established atherosclerotic plaques in
mature WHHL rabbits treated with statins. Atherosclerosis 2001;157:
75–84.

17. Pasterkamp G, Schoneveld AH, Hijnen DJ, de Kleijn DP, Teepen H,
van der Wal AC, Borst C. Atherosclerotic arterial remodeling and the
localization of macrophages and matrix metalloproteases 1, 2 and 9 in
the human coronary artery. Atherosclerosis 2000;150:245–253.

18. Dirksen MT, van der Wal AC, van den Berg FM, van der Loos CM, Becker
AE. Distribution of inflammatory cells in atherosclerotic plaques relates
to the direction of flow. Circulation 1998;98:2000–2003.

19. Davies MJ. Stability and instability: two faces of coronary atherosclerosis.
The Paul Dudley White Lecture 1995. Circulation 1996;94:2013–2020.

20. Felton CV, Crook D, Davies MJ, Oliver MF. Relation of plaque lipid compo-
sition and morphology to the stability of human aortic plaques.
Arterioscler Thromb Vasc Biol 1997;17:1337–1345.

21. Cho A, Reidy MA. Matrix metalloproteinase-9 is necessary for the
regulation of smooth muscle cell replication and migration after arterial
injury. Circ Res 2002;91:845–851.

22. Galis ZS, Sukhova GK, Libby P. Microscopic localization of active
proteases by in situ zymography: detection of matrix metalloproteinase
activity in vascular tissue. FASEB J 1995;9:974–980.

23. Loftus IM, Naylor AR, Goodall S, Crowther M, Jones L, Bell PR,
Thompson MM. Increased matrix metalloproteinase-9 activity in unstable
carotid plaques. A potential role in acute plaque disruption. Stroke
2000;31:40–47.

24. Bassiouny HS, Song RH, Hong XF, Singh A, Kocharyan H, Glagov S. Flow
regulation of 72-kD collagenase IV (MMP-2) after experimental arterial
injury. Circulation 1998;98:157–163.

25. Bassiouny HS, Song RH, Kocharyan H, Kins E, Glagov S. Low flow enhances
platelet activation after acute experimental arterial injury. J Vasc Surg
1998;27:910–918.

26. Southgate KM, Mehta D, Izzat MB, Newby AC, Angelini GD. Increased
secretion of basement membrane-degrading metalloproteinases in pig
saphenous vein into carotid artery interposition grafts. Arterioscler
Thromb Vasc Biol 1999;19:1640–1649.

27. Newby AC, Southgate KM, Davies M. Extracellular matrix degrading
metalloproteinases in the pathogenesis of arteriosclerosis. Basic Res
Cardiol 1994;89(Suppl. 1):59–70.

28. Feldman LJ, Mazighi M, Scheuble A, Deux JF, De Benedetti E, Badier-
Commander C, Brambilla E, Henin D, Steg PG, Jacob MP. Differential
expression of matrix metalloproteinases after stent implantation and
balloon angioplasty in the hypercholesterolemic rabbit. Circulation
2001;103:3117–3122.

In vivo temperature heterogeneity of MMP-9 activity 2205

D
ow

nloaded from
 https://academ

ic.oup.com
/eurheartj/article/26/20/2200/446857 by guest on 16 August 2022


