Circulation @

Learn and Live..

JOURNAL OF THE AMERICAN HEART ASSOCIATION

Characterization of Plague Components With Intravascular Ultrasound
Elastography in Human Femoral and Coronary Arteriesin Vitro
ChrisL. de Korte, Gerard Pasterkamp, Anton F. W. van der Steen, Hein A. Woutman
and Nicolaas Bom

Circulation 2000;102;617-623
Circulation is published by the American Heart Association. 7272 Greenville Avenue, Dallas, TX
72514
Copyright © 2000 American Heart Association. All rights reserved. Print ISSN: 0009-7322. Online
ISSN: 1524-4539

The online version of this article, along with updated information and services, is
located on the World Wide Web at:
http://circ.ahajournal s.org/cgi/content/full/102/6/617

Subscriptions: Information about subscribing to Circulation is online at
http://circ.ahajournal s.org/subsriptions/

Permissions: Permissions & Rights Desk, Lippincott Williams & Wilkins, 351 West Camden
Street, Baltimore, MD 21202-2436. Phone 410-5280-4050. Fax: 410-528-8550. Email:
journal permissions@l|ww.com

Reprints: Information about reprints can be found online at
http://www.Ilww.com/static/html/reprints.html

Downloaded from circ.ahajournals.org at SWETS SUBS SERVICE on November 29, 2006


http://circ.ahajournals.org/cgi/content/full/102/6/617
http://circ.ahajournals.org/subscriptions/
mailto:journalpermissions@lww.com
http://www.lww.com/static/html/reprints.html
http://circ.ahajournals.org

Characterization of Plague Components With Intravascular
Ultrasound Elastography in Human Femoral and Coronary
Arteries In Vitro

Chris L. de Korte, PhD; Gerard Pasterkamp, PhD, MD; Anton F.W. van der Steen, PhD;
Hein A. Woutman, MSc; Nicolaas Bom, PhD

Background—The composition of plaque is a major determinant of coronary-related clinical syndromes. Intravascu
ultrasound (IVUS) elastography has proven to be a technique capable of reflecting the mechanical properties of pha
material and the femoral arterial wall. The aim of this study was to investigate the capability of intravascu
elastography to characterize different plaque components.

Methods and Results-Diseased human femoral£®) and coronary (&4) arteries were studied in vitro. At each location
(n=45), 2 IVUS images were acquired at different intraluminal pressures (80 and 100 mm Hg). With the use
cross-correlation analysis on the high-frequency (radiofrequency) ultrasound signal, the local strain in the tissue
determined. The strain was color-coded and plotted as an additional image to the IVUS echogram. The visual
segments were stained on the presence of collagen, smooth muscle cells, and macrophages. Matching of elastoc
data and histology were performed with the use of the IVUS echogram. The cross sections were segmented in re
(n=125) that were based on the strain value on the elastogram. The dominant plaque types in these regions (fik
fibro-fatty, or fatty) were obtained from histology and correlated with the average strain and echo intensity. The sti
for the 3 plaque types as determined by histology differed significaRty0(0002). This difference was mainly evident
between fibrous and fatty tissuP0.0004). The plaque types did not reveal echo-intensity differences in the VU
echogram P=0.882).

Conclusions—Different strain values are found between fibrous, fibro-fatty, and fatty plaque components, indicating t
potential of intravascular elastography to distinguish different plaque morpholdGiesulation. 2000;102:617-623.)

Key Words: atherosclerosim elasticitym plaquem ultrasonicaa catheters

I ntravascular ultrasound (IVUS) currently is the only clin- The composition of plaque is a major determinant of
ically available technique providing real-time cross- clinical syndromeg:° Additionally, vulnerability of plaque is
sectional images of the vascular wall. Although IVUS imag- influenced by the mechanical properties of the vessel wall
ing reveals the geometry of the vessel wall and plague, and plaque. Studies revealed that a thin cap overlying fatty
characterization of the plaque composition remains difficult. tissue may be unable to bear the imposed stress caused by th
Calcified and fibrous plaques can be identified in most of the pulsatile pressure of the blod@!* Lipid-rich lesions with a
cases Calcified areas are identified by their hyperechoic thin cap and local inflammatory response are considered
appearance and distal shadowing and may be associated withiupture prone, which may lead to subsequent thrombosis and
acoustic reverberation. Fibrous lesions yield homogeneousmyocardial ischemia. Therefore, techniques that are capable
echo reflections without distal shadowing. However, the of characterizing the plaque may bear clinically relevant
composition of lipid-containing and mixed (fibrous, lipid- diagnostic, prognostic, and etiological valdésln IVUS
calcified) plagues remains unknown in most of the cagé€s.  imaging, the mechanical properties of the atherosclerotic
Knowledge about plague composition can assist the clinicians plaque is not necessarily related to its echogenicity.

in choosing the proper interventional technique. Moreover, Intravascular elastography is a new technique based on
since most interventional techniques are predominantly me- IVUS. The technique is in principle able to discriminate
chanical in naturé,the outcome of the intervention may be between soft and hard material. The underlying principle is
influenced by the mechanical properties of the vessel wall that soft material will strain more compared with hard
and plaqué. material when a force is applied on the tiss&&he strain is
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(n=65) were marked with a surgical needle, inserted in the periad-

e i IntraSound ventitia, which is clearly visible in the echogram. After the ultra-
personal  DA500and < IR sound experiment, a suture was used to connect a marker to the
computer | MEMS500 ] outside of the vessel wall at the position of the needle.

{Prncepee IVUS Experiments

s The ultrasound experiments were performed in a physiological saline
solution in a water tank at room temperature £2£C).18 A water
column system, containing a degassed physiological saline solution,
was connected to the proximal sheath: Intraluminal pressures of 80
and 100 mm Hg were applied. This sheath also was used to insert the
echo catheter. The femoral and coronary arteries were scanned with
a Princeps 30-MHz IVUS catheter and an InVision 20-MHz IVUS
catheter, respectively (both EndoSonics). The pressure was moni-
tored with the use of a pressure gauge (DTX/plus, Ohmeda)
connected to the distal sheath.

The Princeps catheter was connected to a modified IntraSound
(EndoSonics) motor unit. This unit contains the pulser and receiver
of the echographic system and a stepper motor to rotate the
single-element transducer in 400 steps per revolution. At each angle,
12 traces of 10.Qes radiofrequency data were acquired. These 12
traces were averaged to increase the signal-to-noise ratio. The dat:
were stored in an industrial-grade Pentium computer, equipped with
a 200-MHz sampling frequency acquisition board (Signatec).

The Visions catheter was connected to an InVision echo apparatus
(EndoSonics); 512 angles containingus of radiofrequency data
sampled at 100 MHz were stored by means of a built-in procedure.
umn system, pressure sensor, catheter connected to motor unit, Elastograms were calcul_ated as described t;y de Korte'eFabt,
and data acquisition system. Bottom, Photograph of water tank an IVUS frame was acquired at 80 mm Hg intravascular pressure

with diseased human femoral artery. Side branches are all (Figure 2a). After 2 seconds, an IVUS frame was acquired at
closed with suture. 100 mm Hg (Figure 2b) to achieve different strain levels of the

material. With the use of cross-correlation techniques, the local strain

. . was calculated from the gated radiofrequency traces. First, the
determined by means of the ultrasound signal. The method gispjacement of the tissue at increasing depths was determined. Next

was validated and applied in vivo for tumor detection in the differential displacement of the tissue was directly converted to
breast# Currently, this technique is being developed for strain ). The strain values were color-coded from red for low strain
intravascular purposisi?and applied on human arteries in ~ through yellow to green for 1% strain (traffic-light notation) and
vitro®: Preliminary experiments revealed that it is feasible to Plott€d as a complementary image to the IVUS echogram (Figure
. . . : . . 2c). The resolution of the strain in the radial direction is 200.
identify different tissue components with the use of intravas-

cular elastography. Since the images are based on the radiaHjstology

strain, the technique has potentials to detect regions with after the ultrasound experiments and subsequent formalin fixation,

elevated stress: An increased circumferential stress will result the marked arterial segments (0.5 cm) were dissected. The segment
in an increased radial strain of the material. were decalcified in EDTA and subsequently processed for routine

The aim of the present study was to investigate the paraffin embedding. Sections ofidm thickness were sliced near the

bility of int | last hv to diff tiate b center of the marked segment. For each segment, cross sections wer
Capability or intravascular elastograpny to difierentiateé be- giqineq for collagen with picro-Sirius red stain, for smooth muscle

tween different plaque components. We hypothesized that celis with anti-«-actin stain (clone 1a4, 8 mg/mL, Sigma), and for
fibrous, fibro-fatty, and fatty tissue could be discriminated by macrophages with anti-CD68 stain (kp1, 3 mg/mL, Dakopatts). The
means of the elastogram. Intravascular elastograms wereimmunoreactivity ofa-actin and CD68 stain were enhanced with
obtained of diseased human femoral and coronary arteries int0 MMol/L citrate and buffered at pH 6.0 for 15 minutes at 100°C.

it After th it d . ts. th teri In addition, a streptavidin-biotin complex/horseradish technique was
vitro. er the ultrasound experiments, the arteries were qoq The picro-Sirius red stain was used in combination with

processed for histological analysis. Regions with different pojarized microscopy to estimate the amount of fatty tissue within
elastographic values were correlated with the predominant the plaque.

plague morphology as determined histologically.

Pressure
sens0or

Figure 1. Top, Experimental setup with water tank, water col-

Matching IVUS and Histology

Methods The alignment of the ultrasound data and histological cross sections

) was performed with the use of the IVUS echogram and histology.
Materials Many groups already have demonstrated the relation between IVUS
Atherosclerotic human femoral €1.0) and coronary (a4) artery echograms and histological sections, especially the geometry of the

segments were excised within 24 hours after death and stored atvessel wall and plaque3“ From all cross sections €65), only
—70°C. The arteries were thawed at 4°C and connected to both the cross sections for which an exact match between histology and IVUS
insertion sheaths of the experimental setup (Figure 1) and tied with echogram (s45) could be made were taken for the statistical
suture material after closing side branches with suture material. analysis. The matching was performed without knowledge of the
Since the in vivo length of the specimens was unknown, the arteries elastographic results.

were not stretched along the vessel axis. One femoral artery was The cross sections were segmented into regions on the basis of the
excluded because the acquisition of radiofrequency data failed strain. Regions were selected with a similar strain value in the
during this experiment. The arteries were scanned at different elastogram (see Figures 3 and 4). Regions with unreliable strain
positions, with an interspacing aE10 mm. These cross sections information were rejected: In these regions=@), the estimated
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IVUS at 80mmHg

Figure 2. Principle of forming intravas-
cular elastogram. IVUS echogram is
acquired at intraluminal pressure of

80 mm Hg (a). Next, another IVUS
echogram is acquired at 100 mm Hg
intraluminal pressure (b). With cross-
correlation analysis on radiofrequency
signal, local strain is determined. Strain
is color-coded and plotted in comple-
mentary image called intravascular elas-
togram (c).

@ Processing) —+»

(c)
IVUS elastogram

IVUS at 100mmHg

(b)

strain was not in accordance with the peak value of the cross- the use of SAS software. These tests revealed that the strain
correlation function used for the strain estimation as described (P<0.01) and the echo intensityP£0.01) were not normally
previouslyi&.1° Next, the average strairg,(y) in this region was distributed. Next, the median and upper and lower quartiles of the
determined. Finally, in the corresponding region in the echogram, the average strain value and the echo intensity in the regions were
average echo intensity was calculated. The echo intensity is takendetermined for the 3 plaque types and vessel wall. The incremental
from the envelope that is calculated from the radiofrequency signal pressure strain modulus was calculated by means of the relation
(digitized in 8 bits) resulting in values between 0 and 128. All data E,e=AP/2¢,,2°

were acquired at the same gain setting. For correlation with histol- ~ “aar norrgnalizing the strain and echo-intensity data by means of

ogy, the dominant tissue types in the selected regions were deter- square-root transformatiéh,a 2-way ANOVA between plaque
mined by 2 researchers unaware of the elastographic results (H.A.W. and artery type was performed on the strain and the echo intensity,

and G.P.). The regions were subdivided into 4 tissue types: (1) tively. Einally. the diff bet 2 ol

fibrous tissue:>80% of the area consists of fibrous material; (2) respectively. Finally, the dilerences between < plaque groups
fibro-fatty tissue: If 20% to 50% of the area was fatty material and (fibrous versus fibro-fatty, fibrous versus fatty, and fibro-fatty versus
the remaining area contained fibrous material, the dominant tissue fatty) were tested by means of ANOVA. Values®#0.0166 were
type was fibro/fatty; (3) fatty tissue>50% of the area consists of ~ considered significant (Bonferroni correction).

fatty material; and (4) vessel wall: If the echogram revealed no

plague in the region and the main content was fibrous material, the Results
region was classified as vessel wall. In this study, 45 cross sections were analyzed from 13
Statistical Analysis arteries. The cross sections were segmented in regions

First, the distribution of the average strain and average echo intensity ("=125). The majority of regions (Table 1) contained fibrous
were tested for normality. All statistical analysis was performed with material (50%), the minority fatty material (10%); 27% was

1 1]
Stram_ [ A]] Figure 3. Intravascular echogram (top
1.0 left) and elastogram (top right) of dis-
eased human femoral artery with corre-
sponding histology: (bottom row, left to
right) picro-Sirius red, picro-Sirius red
with polarized light microscopy, anti-a-
actin, and anti-CD-68 antibody.
Echogram reveals eccentric plaque
(region ). Elastogram reveals low strain
0.0 in plaque (0.24%), similar strain in non-
diseased vessel wall between 3 and 7
o’clock positions (0.32%), and high
r strain in vessel wall between 7 and 9
: o’clock positions (0.96%). Histology
reveals fibrous composition of plaque
(bottom row, first 2 panels on left).
Region with high strain contains fatty
foam cells at lumen-vessel wall bound-
ary and increased macrophage activity
L (bottom row, far right).
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Strain [%]
1.07

Figure 4. Intravascular echogram (top
left) and elastogram (top right) of dis-
eased human femoral artery with corre-
sponding histology: (bottom row, left to
right) picro-Sirius red, picro-Sirius red
with polarized light microscopy, anti-a-
actin, and anti-CD-68 antibody.

= Echogram shows concentric plaque with
0.085 ) o X
different echogenicities for regions. Elas-
togram reveals 2 soft regions (region |
and region lll) and 2 harder regions
I (region Il and region IV). Histology
reveals that 2 soft regions contain fatty
material and 2 harder regions mainly
contain fibrous material. Macrophage
concentration is also increased in soft
regions.

mixed fibro-fatty material, and 13% of the regions contained = The box-and-whisker plot shows the median, lower, and
nondiseased vessel wall material. upper quartiles and the extent of the data for the 3 plaque
An IVUS echogram and elastogram of a femoral artery types and normal artery wall (Figure 5). The strain in fibrous
cross section are presented in Figure 3. The echogram revealsissue is lower than the strain in fibro-fatty tissue. Fatty tissue
an eccentric plague between the 9 and 3 o’clock positions. components are softer than fibro-fatty and fibrous tissue
The elastogram shows that the strain in the plaque is low. The components. These differences are present in both femoral
strain in the vessel wall is similar to the strain in the plagque and coronary arteries (Table 2). The 2-way ANOVA (Table
except for region Ill; increased strain values are found in this 3) shows highly significantR=0.0002) differences in strain
region. The histology reveals that the dominant plague among the 3 plaque types. This relation is not affected by the
component is fibrous material. The vessel wall with increased type of artery P=0.576), although significantly different
strain values has fatty tissue components at the lumen-vesselstrain values are observed between femoral and coronary
wall boundary, with fibrous tissue components more distally. arteries P=0.019). No difference in echogenicity for the 3
Additionally, an increased macrophage concentration is ob- different plaque types was foun8+0.882). Table 4 reveals
served in the region with high strain values. Note that the that differences between fibrous and fatty tissue and betweer

echogenicity among these regions was similar, implying that fisrous and fibro-fatty tissue are significant.
the difference in composition between this region and the

remaining arterial wall could not be made with the use of the Discussion

IVUS echogram. o The composition and morphology of the atherosclerotic
Another example is presented in Figure 4. The IVUS |egjon rather than the degree of stenosis is currently consid-

echogram shows a concentric plaque with different echoge- greq an important determinant for acute coronary syn-
nicities. The elastogram reveals 2 regions with low strain

values and 2 regions with increased strain values. The

histology reveals that the regions with increased strain cor- ! I T S * 7
respond to lipid-rich regions and the regions with low strain 0.9F + 1
values to fibrous plaque components. The difference between | i
the different regions could not be observed with the use of the & ok S |
echogram because the echo intensity in region Il and region & E=222kPa
IV is similar but the dominant tissue type is not. oo — ]
0.5F E=296kPa 5 .
E=302kPa
TABLE 1. Median Strain Values for the 3 Different Plaque 04F : 1
Types and Normal Vessel Wall for All Observations and Femoral o3l |E=493KPa — ]
and Coronary Arteries Separately
0.2+ ]
All Data Femoral Coronary ol i |
(n) () (n) L
Fibrous tissue 0.27 (62) 0.27 (48) 0.30 (14) . —— . . P<000®
. X Fibrous Fibro-fatty Fatty Wall
Fibro-fatty tissue 0.45 (34) 0.41 (25) 0.50 (9)
. Figure 5. The 3 plaque types and normal vessel wall. Boxes
Fatty tissue 0.60 (13) 0.66 (7) 0.57 8 have lines at lower, median, and upper quartile values. Whiskers
Normal vessel wall 0.44 (16) 0.44 (16) - (=) show extent of remaining data. Plot reveals difference between

the 3 plaque types. Highly significant difference between groups

Total regions, n 125 % 29 is found with 2-way ANOVA.
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TABLE 2. Median Echo Intensity Values for the 3 Different
Plaque Types and Normal Vessel Wall for All Observations and
Femoral and Coronary Arteries Separately

TABLE 4. Two-Way ANOVA of Strain Values Between 2
Plaque Types

P
All Data Femoral Coronary Fibrous—fibro-fatty 0.0076
Fibrous tissue 27.2 22.6 30.3 Fibrous—fatty 0.0004
Fibro-fatty tissue 28.1 26.4 32.6 Fibro-fatty—fatty 0.0582
Fatty tissue 314 23.0 34.2
Normal vessel wall 33.8 338

study, no significant difference between the average echo
intensity for the 3 tissue types was observed. In Figure 4,
dromesl°-2lmaging modalities capable of characterizing the regions Il and IV have a similar echo intensity, but the
tissue of the atherosclerotic lesion may help us to understandelastogram reveals that region 1V is hard and region Ill is soft.
its natural history and detect lesions with high risk for acute The histology corroborates these elastographic findings, since
events. region Il is mainly fatty and region IV is fibrous.

In this study, the characterization capabilities of intravas-  The measured average strain values were converted to
cular elastography were investigated; 125 regions were se-pressure-strain modulds.The pressure-strain modulus of
lected from 45 cross sections in 13 arteries, based on theirfibrous tissue (493 kPa) is=2 times the pressure-strain
elastographic (strain) values. After ultrasound imaging, the modulus of fatty tissue (222 kPa). The pressure-strain mod-
dominant tissue type in these regions was determined by ulus of mixed plaques has a value in between these 2 values
immunostaining. The principal findings in this study were: (296 kPa). Although these values are higher than the static
(1) In human femoral and coronary artery Specimensy the stiffness as measured by Lee etz‘iithe ratio between the
elastogram is capable of demarcating regions within the modulus of the 2 groups is similar. It must be noted that the
plague representing differences in strain, whereas in the different elastic moduli are highly dependent on the different
still-frame IVUS image, these regions could not be discrim- Measuring techniques (static, dynamic, circumferential, tan-
inated. (2) These differences in strain as observed within the 9ential, and so on) and experimental methods.
elastogram were associated with differences in tissue types:
lipid-rich regions revealed significantly higher strain values
compared with fibrous-rich regions.

The results of this study demonstrate that characterization
of different plaque components is feasible with intravascular
elastography. A great advantage of this technique is that it is
based on available clinical instruments. This in contrast to
other imaging techniques capable of characterizing plaques
such as optical coherence tomograggfand Raman spectros-
copy23® which still must be developed for clinical applica-
tions. The data processing now performed off-line still must
be implemented in the echo apparatus. For an elastogram
only 2 IVUS echograms are required, obtained at 2 different
intraluminal pressures. In vivo, different pressures are already
present because of the pulsation of blood. This implies that petection of Vulnerable Plaque

with only a pressure sensor and an IVUS catheter, all tools for The primary aim of this study was to evaluate the capability

Differences Between Femoral and

Coronary Arteries

This study reveals that the relation between plaque type and
strain is evident irrespectivePE0.576) of the artery type
(femoral or coronary). However, different strain values for
the 3 plaque types are found in femoral and coronary arteries.
Especially plagues containing a large amount of fatty material
have different strain values. The echo intensity in the coro-
nary arteries is higher than in the femoral arteries for all
plaque types, possibly because a different echo apparatus i
used for these arteries. Again, the relation between plaque
type and echo intensity is not influenced=0.892) by the
artery type (and thus the echo apparatus used).

in vivo intravascular elastography are available. Thus, IVUS
imaging is a technique capable of providing both qualitative
as well as quantitative information on the atherosclerotic
lesion.

The information in the elastogram is in principle indepen-
dent of the echographic informati@h24 This is an important
feature, since characterization of fibrous, fibro-fatty, and fatty
plagues, based on the echogram only, is limi&dn this

TABLE 3. Two-Way ANOVA on Strain and Echo Intensity
Between the Factors Plaque Type and Artery Type

Strain, Echo
P Intensity, P
Plaque type 0.0002 0.8823
Artery type 0.0191 0.0013
Plaque type Xartery type 0.5758 0.8919

of intravascular elastography to characterize different plague
components. In patients with cardiovascular disease, plaque
morphology is related to clinical presentation. Atherosclerotic

plagues observed in patients with unstable angina and myo-
cardial infarction have features associated with local throm-
bus formation caused by plaque rupture. The classic vulner-
able plaque consists of a thin fibrous cap overlying a large
atheroma with local inflammatory response beneath the
surface of the cap. The present study shows that IVUS
elastography is able to differentiate between lipid-rich and

fibrous tissues within the plaque. In addition, a thin fibrous

cap is less able to bear the circumferential stress applied on it
with subsequent strain increase on the elastogram. Destruc
tion of the collagen fibers by local inflammation may further

weaken the cap and reflect additional strain increase on the
elastogram. This might explain the frequently observed col-
location of high strain values and macrophage-rich areas
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(Figures 3 and 4). Future validation studies are necessary tomotion along the long axis of the vessel. This motion along
investigate the effect of a thin fibrous cap and local weaken- the axis of the vessel will introduce errors that are difficult to

ing on the elastogram. correct for because data from different parts of the artery will
o be acquired. However, initial measurements in human coro-
Limitations of the Study nary arteries in vivo revealed that the motion of the catheter

The elastographic experiments are performed in a water tankin the lumen is minimal near end diastole while maintaining

at room temperature A stable intraluminal pressure was Only a pressure differential |arge enough to strain the tissue.
achieved if all side branches of the arteries were perfectly

closed. In some specimens, a total closure of all branches wascgonclusions

not possible, resulting in leakage of the intraluminal saline |ntravascular elastography is a new technique that assesse
solution and thus a pressure differentia?0 mm Hg. This  the Jocal mechanical properties of the vessel wall and plaque.
smaller pressure differential leads to smaller strains and The 3 plaque components fibrous, fibro-fatty, and fatty tissue
increases the variance of the strain estimate for all 3 plaque resylt in different mean strain values. Fibrous tissue has lower
types. strain values than fibro-fatty tissue, and the latter one has
The elastographic measurements have been performed in goyer strain levels than fatty tissue. Identification of the 3

water tank at 21°C, whereas in vivo measurements aretisse types on the basis of the average echo intensity was no
performed at 37°C. Since the mechanical properties of the possible.

tissue in the arterial wall is likely to be different at 21°C as
compared with 37°C, which is particularly the case for lipid

cores, this temperature dLOpHmay bring forth inaccuracy of the The Dutch Technology Foundation (STW, Project RGN 44.3462) is
measurements presented. However, at temperatigesC, gratefully acknowledged for financial support. The authors thank F.

fatty tissues tend to meif,and this will increase the differ-  Mastik and J. Honkoop of the Erasmus University for their technical

ence between this tissue type and fibrous tissues. assistance and E.|."6gedes from EndoSonics for his useful com-
The elastograms were matched to the histology by meansments during _the ultrasound experim_ents. H Boersma fror_n _the

of the IVUS echogram. Although the correlation between Thoraxpentre is acknowledged for h|§ ady|ce on .the statistical

histol d IVUS ech Iready d trated b analysis and A. Schoneveld from the University Hospital Utrecht for
Istology an ec 99“"”‘5 was aiready emons ra_ €0 DY his assistance in histological staining and analysis.
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