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a b s t r a c t

Background: Radiation-associated aortic valve (AV) stenosis is frequently seen as a late sequela after
thoracic radiotherapy (RT). Although the clinical relationship between thoracic radiotherapy and valvular
dysfunction has been established, the process leading to accelerated aortic valve stenosis remains un-
clear. The aim of this study was to determine whether increased inflammatory cell infiltration, fibrosis,
and calcification is present in aortic valves after radiotherapy at the time of aortic valve replacement.
Methods: Stenotic aortic valve specimens from 43 patients were obtained after surgical aortic valve
replacement. A total 28 patients had previously undergone radiotherapy for breast cancer or malignant
lymphoma. A total 15 patients were included as control. The valve leaflets were assessed by (immuno)
histochemistry for inflammatory cell composition (CD3, CD20, CD68, and CD163) and extracellular
matrix changes (collagen and calcification).
Results: Aortic valve cell density after radiotherapy for lymphoma was markedly decreased when
compared with other groups. Irradiated aortic valve show similar (low) degrees of late T and B
lymphocyte infiltration as control valves, whereas macrophage marker CD68 was decreased after
radiotherapy for breast cancer. Collagen content was increased following radiotherapy. Aortic valves of
patients with lymphoma contained significantly less calcified tissue when compared with the other
groups.
Conclusion: High-dose radiation at a young age (patients with lymphoma) results in cell loss and pre-
mature fibrotic aortic valve stenosis as opposed to the degenerative calcific stenosis observed in patients
with breast cancer. Our findings suggest a possible dose-dependent effect of radiotherapy on aortic valve
fibrosis. The active presence of inflammatory cells may be limited to the acute phase after radiotherapy.

© 2019 Elsevier Inc. All rights reserved.
1. Introduction doses reaching the heart when areas above the diaphragm were
The use of radiotherapy (RT) in the thoracic region has led to
significant improvements in the treatment of breast cancer, ma-
lignant lymphomas, lung cancer, and other thoracic malignancies
[1]. However, the introduction of this technique has led to a new
range of cardiovascular disorders, caused by radiation injury to the
heart and great vessels [1,2].

Patients treated for Hodgkins lymphoma (HL) until the mid-
1990s received extended-field RT (35e45 Gy), with high radiation
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involved. This is underlined among survivors of HL older than 60
years, of which almost 30% of the total excess number of deaths
observed was due to heart disease [3]. Patients develop pericarditis,
fibrosis, coronary artery disease, and valvular disease decades after
RT. Radiation-associated valve disease (RAVD) is a late sequela after
thoracic RT. Among patients treated with mediastinal irradiation
for HL, there are statistically higher than expected rates of valvular
heart disease 10e20 years after RT [4]. Screening in HL survivors
has reported that 42% of those given mediastinal irradiation had
imaging evidence of valvular dysfunction after a median follow-up
of 24 years [5].

Adverse effects of RT in patients with breast cancer are generally
less pronounced as in HL, with patients treated for left-sided breast
tumors receiving higher doses of radiation to the heart than pa-
tients with right-sided tumors [6,7]. This is emphasized by the
increased risk of radiation-associated cardiac mortality in patients
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Abbreviations

AV Aortic valve
AVR Aortic valve replacement
ECM Extracellular matrix
EvG Verhoeff's-Van Gieson
HE Hematoxylin-eosin
HL Hodgkin lymphoma
RAVD Radiation-associated valve disease
ROS Reactive oxygen species
RT Radiotherapy
SR Sirius Red
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treated to the left breast or chest wall compared with those treated
to the right side [6,8,9]. Extensively irradiated patients are more
likely to develop radiation heart disease [10,11] and have increased
risk for clinically significant RAVD [12]. Increased recognition of this
risk has led to reduction in radiation doses and volumes when
possible [13,14]. Risk of death from ischemic heart disease associ-
ated with radiation for breast cancer has substantially decreased
over time [6]. Nevertheless, RT still results in cardiac exposure if the
disease affects the mediastinum.

Cardiac valves affected by RAVD exhibit fibrotic thickening
and focal dystrophic calcification of the valvular leaflets [15,16].
The majority of patients that develop RAVD, however, show no
symptoms of valvular dysfunction until two to three decades
after RT [1]. It is suggested that regurgitation in the early phase
after RT is caused by valvular retraction, whereas decades later,
valves become significantly stenotic due to increased thickening
and calcification, leading to an indication for surgical repair
[17,18].

Although the clinical relationship between thoracic RT and
valvular dysfunction has been established, the mechanism behind
the accelerated aortic valve (AV) stenosis in RAVD remains unclear.
An in vitro study showed that radiation might induce an osteogenic
phenotype in human AV interstitial cells [19]. Furthermore,
research in cardiovascular tissue has shown that irradiation may
activate various signaling cascades that induce tissue inflammation
[20]. Pro-inflammatory cytokines can promote stiffening through
valve interstitial cell activation and increased deposition of collagen
and cytoskeletal contraction [21], which may lead to retraction and
fibrosis of the valve leaflets.

The surgical pathology of RAVD has only been sparsely
described in literature, and the most recent published series date
back to the last century. Study of the valve histology after RT can
provide insight into the mechanisms responsible for radiation-
induced disease. We hypothesized that the exposure to radiation
during RT is associated with AV inflammation, fibrosis, and calci-
fication in patients with breast cancer and lymphoma.

We therefore conducted a histopathological study in patients
with symptomatic stenotic AV disease who have received RT in the
thoracic area to characterize and quantify inflammatory and
extracellular matrix (ECM) changes at the time of aortic valve
replacement (AVR).

2. Materials and methods

2.1. Specimen and data collection

Valve specimens were obtained from 43 patients referred to our
center between 2008 and 2015 for surgical AV replacement because
of symptomatic AV stenosis. A total 28 consecutive patients had
previously undergone thoracic or mediastinal radiation therapy for
breast cancer (n¼ 22) or malignant lymphoma (n¼ 6), respectively.
The patients with malignant lymphoma consist of patients with HL
(n ¼ 5) and a patient with non-HL (n ¼ 1) who were grouped to
increase statistical power and are from here on referred to as the
lymphoma group. Fifteen patients with AV stenosis, who had never
undergone thoracic or mediastinal RT, were included as reference
material (controls). Controls were age-matched to patients treated
with RT for breast cancer. Data of cardiovascular risk factors were
extracted from patients' records retrospectively. The clinical char-
acteristics of the patients are given in Table 1. The criteria for the
code of proper secondary use of human tissue in the Netherlands
were met [22]. According to the Central Committee on Research
involving Human Subjects (CCMO) and the Medical Ethics Review
Committee of the Amsterdam UMC, this type of study does not
require approval. All patients have approved to the secondary use of
residual tissue for medical research.

2.2. Histology

After fixation in 10% neutral buffered formalin, representative
parts at the centerline of the belly of all three leaflets were sampled
for histology. When mineralization was present, the tissue was
decalcified in 10% formic acid solution for 24 h. After the tissue was
processed, the valves were sectioned at four mm in radial cross-
sections, perpendicular to the free margin of the leaflets. Two ob-
servers, blinded to the groups, were used throughout all the
analyses.

For histological analysis, sections were stained with
hematoxylin-eosin (HE) for general morphology, Sirius Red (SR) for
collagen, and Verhoeff's-Van Gieson (EvG) for elastin fibers. Using
EvGwewere able to differentiate between ECM and calcific nodules
in decalcified tissue. All stainings were conducted within the same
batch to avoid batch effects.

2.3. Immunohistochemistry

Immunohistochemical staining was performed to assess the
presence of a late inflammatory cell response. Sections were
stained for markers of T-lymphocytes (CD3; 1:200, Thermo Scien-
tific, Waltham, MA, USA), B-lymphocytes (CD20; 1:100, Thermo
Scientific, Waltham, MA, USA), and macrophages (CD68; 1:100,
DakoCytomation, Glostrup, Denmark, and CD163; 1:200, Thermo
Scientific, Waltham, MA, USA).

Immunostaining for CD3 and CD68 was performed after antigen
retrieval by cooking in EDTA (pH 9.0) at 98 �C for 20 min. Antigen
retrieval for CD20 and CD163 was performed in a citrate buffer (pH
6.0) at 98 �C for 20 min. Sections were stained with primary anti-
body for 1 h at RT and subsequently incubated in Poly-AP goat
antirabbit (ImmunoLogic, Duiven, the Netherlands) for CD3 and
Poly-AP goat antimouse (ImmunoLogic, Duiven, the Netherlands)
for CD20, CD68, and CD163 for 30 min at RT. Secondary antibody
binding was then visualized with Vector Red reagent (Vector Lab-
oratories, Burlingame, CA, USA) and slides were counterstained
with hematoxylin.

2.4. Image acquisition, processing, and analysis

Stained sections were automatically scannedwith a Philips Ultra
Fast Scanner 1.6 digital slide scanner (Philips Digital Pathology,
Best, Netherlands). After scanning the sections, the tissue of the
three leaflets per valve was completely captured at 2� magnifica-
tion (pixel size is 5 mm) for histological analysis and at 40�
magnification for IHC analysis (pixel size is 0.25 mm). The images
were subsequently analyzed using ImageJ or Image Pro Premier
v9.1 (Media Cybernetics, UK).



Table 1
Baseline demographics

Characteristics Control (n ¼ 15) BCa (n ¼ 22) BCa
left-sided (n ¼ 8)

BCa
right-sided (n ¼ 9)

Lym (n ¼ 6)

Age at AVR ± SD (yrs) 75.0 ± 7.7 73.7 ± 7.2# 72.6 ± 7.4# 75.4 ± 5.9# 62.3 ± 7.1*
Age at first RT ± SD (yrs) 54.3 ± 12.3# 45.2 ± 7.9# $ 58.8 ± 10.2# 28.7 ± 9.7
Interval RT-AVR ± SD (yrs) 18.6 ± 9.8# 24.3 ± 5.0# 16.7 ± 9.7# 32.0 ± 4.9
Male gender, n (%) 9 (60) 0 (0)*# 0 (0)* 0 (0)*# 3 (50)
Cardiovascular risk factors
Hypertension, n (%) 12 (80) 13 (59) 5 (63) 7 (78)# 1 (17) *
Dyslipidemia, n (%) 6 (40) 6 (27) 3 (38) 2 (22) 1 (17)
Diabetes mellitus, n (%) 4 (27) 7 (32) 3 (38) 2 (22) 1 (17)
Tobacco usage, n (%) 1 (7) 1 (5) 0 (0) 1 (11) 1 (17)

AVR: AV replacement; BCa: Breast cancer; Lym: Lymphoma; RT: Radiotherapy. *P � .05 vs control; #P � .05 vs HL; $P < .05 vs right-sided BCa.
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Valve thickness was determined in EvG sections by measuring
the thickness of each leaflet at 5 sites in the free-floating belly area
using Fiji v2.0 (ImageJ, National Institutes of Health) [23]. All
measurements per leaflet were averaged. Cell density was calcu-
lated in 15 random 40� HE fields per valve by dividing the total
number of counted nuclei in all fields by the total measured area in
square mm.

Each 2� magnification field for histological analysis contains a
complete section of the three leaflets per valve. SR stained area in
the tissue was detected in ImageJ after applying image thresholds,
and the number of red pixels was determined. The positively
stained tissue was then divided by the total area of valve tissue on
the slide to calculate the percentage collagen content of one section
of three leaflets.

The amount of calcified tissue was quantified from EvG-stained
slides using a color deconvolution algorithm with settings opti-
mized for each slide, excluding all the calcified tissue from the
digital image. The calcified tissue content per valve was then
calculated as a percentage of the total amount of valve tissue on the
slide.

For IHC quantification, positive area for each marker per valve
was measured in Image Pro Premier using computerized threshold
segmentation of colors and expressed as the number of positive
pixels per image. About 40e60 high power fields per valve were
analyzed, encompassing one slide of the entire valve. To calculate
the positive area percentage, the amount of total positive pixels was
summed and divided by the total amount of analyzed pixels of all
fields of a valve, resulting in the positive area percentage per valve.

2.5. Statistical analysis

Categorical variables are reported as number and percentage
(%). Continuous variables are reported as the mean ± standard
deviation (SD). Results were tested for Gaussian distribution using
the D'AgostinoePearson omnibus normality test; in the case of
normal distribution in both groups, the unpaired T-test was per-
formed, and nonnormally distributed data were tested using the
ManneWhitney U-test. One-Way ANOVA was used when three or
more groups were compared. Categorical variables were analyzed
by Fisher's exact test. Correlation analysis was carried out using the
Spearman correlation coefficients. All statistical analyses were
performed using GraphPad Prism 6.01 for Windows (GraphPad
Software, La Jolla, CA, USA). P � .05 was considered statistically
significant.

3. Results

3.1. Patient characteristics

All patients had stenotic tricuspid AVs. Mean age at AVR was
lower after RT for lymphoma (62.3 ± 7.1) than after RT for breast
cancer (73.7 ± 7.2, P¼ .003) and in the control group (75.0 ± 7.7 yrs,
P¼ .005; Table 1). The lymphoma groupwas also exposed to RT at a
much younger age (28.7 ± 9.7 vs 54.3 ± 12.3, P < .0001) than pa-
tients with breast cancer, as were left- compared with right-sided
RT for breast cancer (45.2 ± 7.9 vs 58.8 ± 10.2 yrs, P ¼ .01). The
interval between RT and AVR was significantly longer after RT for
lymphoma than after RT for breast cancer (32.0 ± 4.9 vs 18.6 ± 9.8
yrs, P ¼ .005). Patients with breast cancer were treated with
thoracic RT between 1976 and 2010 (median: 1995), whereas most
patients with lymphoma were treated with mediastinal RT one
decade earlier, between 1975 and 1988 (median: 1982;
Supplemental Fig. S1).

3.2. Inflammatory markers

Expression of CD68þ macrophages was significantly lower in
the breast cancer group, especially after left-sided RT, when
compared with the controls (P ¼ .003). No CD68þ giant cells were
observed. CD3, CD20, and CD163 values were similar between the
groups (Figs. 1 and 2AeD). We found a weak positive correlation
between expression of CD3 T-cell and CD20 B-cell markers
(r ¼ 0.36, P ¼ .013) and between CD68- and CD163-positive mac-
rophages (r ¼ 0.35, P ¼ .02) when the groups are pooled
(Supplemental Fig. S2). Within the breast cancer group, no signif-
icant differences were observed between site of radiation and
expression of inflammatory cells (left or right; data not shown).

3.3. Cell density

Total AV cell density after RT for lymphoma (453 ± 117 cells/
mm2) was markedly decreased when compared with the control
(836 ± 238 cells/mm2, P ¼ .004) and breast cancer group
(769 ± 275 cells/mm2, P ¼ .008; Fig. 2E). The age at RT and AVR
positively correlated to cell density (r¼ 0.73, P < .0001 and r¼ 0.55,
P ¼ .003, respectively; Fig. 3A and B). Interval between RT and AVR
negatively correlated to cell density (Supplemental Fig. S2).

3.4. Valve thickness

Valve thickness was similar between groups (P ¼ .4; Fig. 2F). In
the control valves, but not the RT valves, thickness negatively
correlated to collagen content and positively to calcification
amount (r ¼ �0.77, P ¼ .005 and r ¼ 0.86, P ¼ .0004, respectively;
Fig. 3C and D).

3.5. Calcification and fibrosis

AVs of patients exposed to RT for lymphoma contained more
collagen and less calcified tissue than the control patients (45 ± 8 vs
24 ± 8%, P ¼ .0005 and 12 ± 8 vs 26 ± 13%, P ¼ .02, respectively;
Figs.1 and 2GeH). AVs of patients with breast cancer also contained



Fig. 1. Histology and immunohistochemistry. Ctrl: Control; BCa: Breast cancer; Lym: Lymphoma. Scale bar SR and EvG ¼ 500 mm; Scale bar CD3-CD163 ¼ 50 mm.

Fig. 2. Quantitative analysis of valve (immuno)histology. Changes in inflammatory markers and valve histology between control, breast cancer RT, and HL RT-groups. A) CD3; B)
CD20; C) CD68; D) CD163; E) cell density; F) valve thickness; G) and calcification; and H) collagen. Ctrl: Control; BCa: Breast cancer; Lym: Lymphoma. Box plots represent median
with interquartile ranges ±1.5 times IQR. *P < .05, **P < .01, ***P < .001.
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Fig. 3. Comparison of correlation for cell density, valve thickness, calcification, and collagen. Correlation between A) age at AVR and cell density; B) age at first RT and cell
density; C) calcification and valve thickness; D) collagen and valve thickness; E) age at AVR and calcification; F) age at RT and calcification; G) age at AVR and collagen; H) and age at
RT and collagen. AVR: AV replacement; RT: Radiotherapy.
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more collagen than control valves (32 ± 10 vs 24 ± 8%, P ¼ .01), but
significantly less than after RT for lymphoma (P ¼ .01). Valves after
RT for breast cancer also contained significantly more calcification
than after RT for lymphoma (20 ± 8 vs 12 ± 8%, P¼ .03) and showed
similar levels when compared with the control group (20 ± 8 vs
26 ± 13%, P¼ .16). Within the breast cancer RT group, no differences
were observed between left- or right-sided RT with respect to
valvular damage (data not shown). In addition, the ratio of collagen
to calcified tissue is significantly higher after RT for lymphoma
compared with control and breast cancer RT (P ¼ .001;
Supplemental Fig. S2). Age at RT (RT groups pooled) and AVR
negatively correlated to valve collagen content (r ¼ �0.54, P ¼ .004
and r ¼ �0.49, P ¼ .008, respectively; Fig. 3G and H). Age at RT, but
not at AVR, strongly correlated to valve calcified tissue content
(r¼ 0.60, P¼ .003 and r¼ 0.35, P¼ .087, respectively; Fig. 3E and F).
Presence of collagen or calcified tissue did not correlate to observed
cell density (Supplemental Fig. S2).

3.6. Chemotherapy

A total 6/22 (27%) patients with breast cancer, and 2/6 (33%)
patients with lymphoma received chemotherapy besides RT. On
average, patients receiving combination therapy were younger
when treated for their malignancy, albeit not significantly (49 ± 10
vs 57 ± 13 yrs, P ¼ .28). Patients with breast cancer who received
combined RT þ chemotherapy also presented for AVR at a younger
age than patients who received RT alone (69 ± 5 vs 76 ± 7 yrs,
P ¼ .014), while the interval between RT and AVR was similar
(P ¼ .53; Supplemental Fig. S3). No other significant differences
between groups among all patient characteristics and results were
observed (not shown).

4. Discussion

The present study was aimed to gain insight into the late in-
flammatory, fibrotic, and calcific changes of the irradiated AV. The
results show that RT for lymphoma and breast cancer does not
result in chronic inflammatory infiltration in human AVs
when compared with nonirradiated stenotic valves. High dose ra-
diation at a young age (patients with lymphoma) results in fibrotic
AV stenosis with a decreased total cell density. As patients with
breast cancer were older at the time of radiation and AVR, their
valves show a mixed-type AV stenosis with significantly more
calcification.

Patients with lymphoma in our group were exposed to
extended-field RT between 1975 and 1988 (median: 1982) at the
average age of 29 years, significantly earlier and younger than the
54 years of the irradiated breast cancer patients that were treated
between 1976 and 2010 (median: 1995). Patients treated for lym-
phoma developed symptomatic AV disease three decades after
initial RT, comparedwith one to two decades on average after RT for
breast cancer. Patients with lymphoma were elected for AVR at the
average age of 62 years, whereas irradiated breast cancer patients
and our nonirradiated control group were 10 years older (73 and 74
years, respectively; slightly above the average age at AVR in the
general Dutch population between 2010 and 2014 [24]).

These numbers agree with what is known in current literature
about lymphoma and the cardiac effects of RT. Patients with
lymphoma are generally young adults when treated and have
increased risk of cardiac death [1,25]. Our patients with
lymphoma underwent mantle field RT three to four decades earlier,
which means that these patients were often prescribed higher
doses than are currently in use (35e45 Gy) [26]. Several studies
concluded that there is an increased risk for cardiac death and
clinically significant RAVD after RT for lymphoma for radiation
doses of >30 Gy [11,12,25]. Mediastinal radiation of �30 Gy
increased the 30-year risk of valve disease by only about 1.4% [12].

These studies suggest that high radiation dose to the heart
valves increase the risk for clinically significant RAVD with a
possible threshold dose of about 25e30 Gy.

Substantial changes in irradiation techniques have occurred
over the last 10e20 years, reducing cardiac morbidity andmortality



J.W. van Rijswijk et al. / Cardiovascular Pathology 45 (2020) 1071766
[1]. However, patients with lymphoma in the Netherlands are still
treated with high-dose (30e36 Gy) mediastinal RT, and these pa-
tients may thus have an increased risk of RAVD over the next 2e3
decades. Planned new guidelines for treatment of patients with
lymphoma will include lower doses (20 Gy), but these will only be
applicable in a small specific patient group. It is, however, unclear
to what radiation doses the valves included in the present study
were exposed. We assumed, according to their historical treatment
regimes, that the patients with lymphoma in our study were likely
exposed to radiation doses of >30 Gy, whereas patients with breast
cancer received far lower doses during RT.

We observed a decrease in cell density in the AV after RT for
lymphoma. This may be caused by the high dose received during
historic RT for lymphoma. As previously stated, there seems to be a
threshold at�30 Gy after which there is an increased risk of cardiac
sequelae after RT. This threshold may also be true at a cellular level,
with doses of�30 Gy inducing a certain effect leading to cell loss. In
contrast, heart valves of patients with breast cancer generally
receive lower doses during RT andmay not reach this threshold and
are able to recover. As the adult AV is thought to have low cellular
turnover with minimal proliferative capacity [27], cell death due to
radiotoxicity may lead to permanent cell loss. Commonly, a pro-
gressive age-associated decrease in cell number is seen from fetal to
children's and adult valves [27], which may be associated with
valve degeneration.

Patients treated for breast cancer are generally older than pa-
tients with lymphoma and are, because of age alone, already at risk
for cardiovascular disease. Patients treated for left-sided breast
tumors receive slightly higher doses of radiation to the heart than
patients with right-sided tumors [6,7]. This is underlined by the
increased risk of radiation-associated cardiac mortality [8,9]. Left-
sided breast cancer is treated with angled fields, which may
include only the cardiac apex. The base of the heart, including the
heart valves, is minimally exposed. Involvement of the internal
mammary chain, however, may increase cardiac exposure [28]. We
observed no difference between left- or right-sided RT regarding
AV cellular composition and ECM pathological changes.

Besides RT, several studies have observed an increased risk of
myocardial injury and valvular disease after chemotherapy,
particularly with anthracyclines and alkylating agents, which are
still commonly used in the clinic [29e32]. One of these studies
showed increased AV degeneration after chemotherapy alone
without RT [31]. We did not observe more severe valve disease in
the patients that underwent chemotherapy besides RT. These pa-
tients, however, were significantly younger at AVR; this is likely
because they were also younger at the time of RT, as the interval
between RT and AVR remained the same.

In our study group, AVs of patients with lymphoma appear more
fibrotic than calcified. This may be because they were relatively
younger, and age is associated with calcific AV disease [33]. On the
other hand, they received more extensive RT and are more likely to
develop radiation heart disease [10]. If we assume a gradient from
low to high RT dose in Fig. 2H, controls would be “no radiation”,
breast cancer would be “low dose”, and lymphoma would be “high
received dose”. A positive trend is visible for collagen content and
radiation dose, as if valvular fibrosis was dose-dependent. An
opposite trend is visible for calcification but differences were less
pronounced, and no difference was observed in calcification be-
tween RT for breast cancer and controls. These observations could
be explained by the age of the different groups at RT or AVR. All
valves pooled, age at RT and AVR negatively correlated to collagen
content, and age at RT positively correlated to the amount of
calcified tissue. However, valves after breast cancer RTare of similar
age as controls and still contained significantly more collagen. This
may suggest some fibrotic effect of RT in the AV, especially when
administered at high dose and young age. These findings are in line
with several previous studies in which high dose and young age
were predicted as risk factors for cardiac and valve disease
[1,25,26,29,30,34].

Inflammatory cells are a potent source of fibrogenic factors.
Acute inflammatory effects after RT on tissue are believed to be
partly caused by generation of ROS and endothelial dysfunction
[35]. The lack of inflammatory response as observed in our popu-
lation has been previously described [16,36] and may be explained
by the long interval post RT and inflammatory cells undergoing
apoptosis after ECM remodeling [35]. At the end stage of RAVD, the
time of AVR, any initial inflammation seems to have been resolved
but fibrotic changes persist. As our valves were obtained at least 4
years after RT, the acute effects of RT on AV inflammation could not
be studied. The exact mechanisms by which radiation-induced
inflammation contributes to ECM changes in the AV have not yet
been identified. This remains an interesting topic for further
research, as inflammation is believed to play a lead role in the
initiation and progression of pathological AV remodeling.

This study is subject to various limitations. Treatment fields,
shielding, prescription points, delivered doses, and exact tumor
location were unavailable. Patients were treated decades ago in
various medical centers in multiple countries, and we were unable
to retrieve copies of RT prescription sheets. It was therefore
impossible to determine whether a doseeresponse relationship
was present between radiation doses and AV inflammation or AV
fibrosis and calcification. Another limitation is the absence of pre-
operative echocardiographic data, making it impossible to investi-
gate whether there is a relationship between functional AV peak
gradients and the degree of observed changes. In addition, cell
density after RT for lymphoma was lower, thus analyzing per-
centage positive area may have lead to underestimation of the
relative number of inflammatory cells in the lymphoma group
when compared with the other groups. Finally, our cohort only
included six patients with lymphoma.
4.1. Conclusion

Young patients who receive high-dose radiation to the medi-
astinum develop early functional valvular abnormalities that may
be associated with fibrosis and cell loss. The active presence of
inflammatory cells is likely limited to the acute phase after RT while
secondary effects such as ECM changes persist. Our findings imply a
possible dose-dependent effect of RT on AV fibrosis, with a hypo-
thetical threshold at ~30 Gy above which irreversible cellular
damage may be induced. Patients with breast cancer were older at
the time of RT and AVR, and their valves show a mixed type with
both fibrosis and calcification, more typical to calcific AV stenosis.

Although being purely of an exploratory nature, our study em-
phasizes the unwanted fibrotic effects of high-dose mediastinal RT
on the AV and underlines the importance of field reduction and
lowering radiation dose to further decrease cardiac exposure and
premature RAVD. Additional investigation is needed to define the
dose-dependent mechanistic linkage between cell loss, inflamma-
tion, fibrosis, and other radiation-induced pathologies in RAVD and
how these changes are initiated and maintained in time.
Conflicts of interest

None.
Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.carpath.2019.107176.

https://doi.org/10.1016/j.carpath.2019.107176


J.W. van Rijswijk et al. / Cardiovascular Pathology 45 (2020) 107176 7
References

[1] Jaworski C, Mariani JA, Wheeler G, Kaye DM. Cardiac complications of thoracic
irradiation. J Am Coll Cardiol 2013;61(23):2319e28.

[2] Yusuf SW, Sami S, Daher IN. Radiation-induced heart disease: a clinical up-
date. Cardiol Res Pract 2011;2011:317659.

[3] Henson KE, Reulen RC, Winter DL, Bright CJ, Fidler MM, Frobisher C, et al.
Cardiac mortality among 200 000 five-year survivors of cancer diagnosed at
15 to 39 years of age: the teenage and young adult cancer survivor study.
Circulation 2016;134(20):1519e31.

[4] Hull MC, Morris CG, Pepine CJ, Mendenhall NP. Valvular dysfunction
and carotid, subclavian, and coronary artery disease in survivors of
hodgkin lymphoma treated with radiation therapy. JAMA 2003;290(21):
2831e7.

[5] Machann W, Beer M, Breunig M, Stork S, Angermann C, Seufert I, et al. Cardiac
magnetic resonance imaging findings in 20-year survivors of mediastinal
radiotherapy for Hodgkin's disease. Int J Radiat Oncol Biol Phys 2011;79(4):
1117e23.

[6] Giordano SH, Kuo YF, Freeman JL, Buchholz TA, Hortobagyi GN, Goodwin JS.
Risk of cardiac death after adjuvant radiotherapy for breast cancer. J Natl
Cancer Inst 2005;97(6):419e24.

[7] Rutqvist LE, Lax I, Fornander T, Johansson H. Cardiovascular mortality in a
randomized trial of adjuvant radiation therapy versus surgery alone in pri-
mary breast cancer. Int J Radiat Oncol Biol Phys 1992;22(5):887e96.

[8] Paszat LF, Mackillop WJ, Groome PA, Boyd C, Schulze K, Holowaty E. Mortality
from myocardial infarction after adjuvant radiotherapy for breast cancer in
the surveillance, epidemiology, and end-results cancer registries. J Clin Oncol
1998;16(8):2625e31.

[9] Darby S, McGale P, Peto R, Granath F, Hall P, Ekbom A. Mortality from car-
diovascular disease more than 10 years after radiotherapy for breast cancer:
nationwide cohort study of 90 000 Swedish women. BMJ 2003;326(7383):
256e7.

[10] Chang AS, Smedira NG, Chang CL, Benavides MM, Myhre U, Feng J, et al.
Cardiac surgery after mediastinal radiation: extent of exposure influences
outcome. J Thorac Cardiovasc Surg 2007;133(2):404e13.

[11] Schellong G, Riepenhausen M, Bruch C, Kotthoff S, Vogt J, Bolling T, et al. Late
valvular and other cardiac diseases after different doses of mediastinal
radiotherapy for Hodgkin disease in children and adolescents: report from the
longitudinal GPOH follow-up project of the German-Austrian DAL-HD studies.
Pediatr Blood Cancer 2010;55(6):1145e52.

[12] Cutter DJ, Schaapveld M, Darby SC, Hauptmann M, van Nimwegen FA, Krol AD,
et al. Risk of valvular heart disease after treatment for Hodgkin lymphoma. J
Natl Cancer Inst 2015;107(4).

[13] Koh ES, Tran TH, Heydarian M, Sachs RK, Tsang RW, Brenner DJ, et al. A
comparison of mantle versus involved-field radiotherapy for Hodgkin's lym-
phoma: reduction in normal tissue dose and second cancer risk. Radiat Oncol
2007;2:13.

[14] Illidge T, Specht L, Yahalom J, Aleman B, Berthelsen AK, Constine L, et al.
Modern radiation therapy for nodal non-Hodgkin lymphoma-target definition
and dose guidelines from the International Lymphoma Radiation Oncology
Group. Int J Radiat Oncol Biol Phys 2014;89(1):49e58.

[15] Tamura A, Takahara Y, Mogi K, Katsumata M. Radiation-induced valvular
disease is the logical consequence of irradiation. Gen Thorac Cardiovasc Surg
2007;55(2):53e6.

[16] Veinot JP, Edwards WD. Pathology of radiation-induced heart disease: a sur-
gical and autopsy study of 27 cases. Hum Pathol 1996;27(8):766e73.
[17] Wethal T, Lund MB, Edvardsen T, Fossa SD, Pripp AH, Holte H, et al. Valvular
dysfunction and left ventricular changes in Hodgkin's lymphoma survivors. A
longitudinal study. Br J Cancer 2009;101(4):575e81.

[18] Veeragandham RS, Goldin MD. Surgical management of radiation-induced
heart disease. Ann Thorac Surg 1998;65(4):1014e9.

[19] Nadlonek NA, Weyant MJ, Yu JA, Cleveland JC, Reece TB, Meng X, et al. Ra-
diation induces osteogenesis in human aortic valve interstitial cells. J Thorac
Cardiovasc Surg 2012;144(6):1466e70.

[20] Lee MS, Finch W, Mahmud E. Cardiovascular complications of radiotherapy.
Am J Cardiol 2013;112(10):1688e96.

[21] Lim J, Ehsanipour A, Hsu JJ, Lu J, Pedego T, Wu A, et al. Inflammation drives
retraction, stiffening, andnodule formationvia cytoskeletalmachinery ina three-
dimensional culturemodel of aortic stenosis. Am J Pathol 2016;186(9):2378e89.

[22] Federa. Federation of Medical Scientific Societies in the Netherlands. Human
tissue and medical research: code of conduct for responsible use [cited 2019
October 8]; Available from: www.federa.org/codes-conduct.

[23] Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, et al.
Fiji: an open-source platform for biological-image analysis. Nat Methods
2012;9(7):676e82.

[24] Siregar S, Groenwold RH, VersteeghMI, Takkenberg JJ, BotsML, van der Graaf Y,
et al. Data resource profile: adult cardiac surgery database of the Netherlands
Association for Cardio-Thoracic Surgery. Int J Epidemiol 2013;42(1):142e9.

[25] Hancock SL, Tucker MA, Hoppe RT. Factors affecting late mortality from heart
disease after treatment of Hodgkin's disease. JAMA 1993;270(16):1949e55.

[26] Hodgson DC. Late effects in the era of modern therapy for Hodgkin lymphoma.
Hematol Am Soc Hematol Educ Program 2011;2011:323e9.

[27] Aikawa E, Whittaker P, Farber M, Mendelson K, Padera RF, Aikawa M, et al.
Human semilunar cardiac valve remodeling by activated cells from fetus to
adult: implications for postnatal adaptation, pathology, and tissue engineer-
ing. Circulation 2006;113(10):1344e52.

[28] Hooning MJ, Botma A, Aleman BM, Baaijens MH, Bartelink H, Klijn JG, et al.
Long-term risk of cardiovascular disease in 10-year survivors of breast cancer.
J Natl Cancer Inst 2007;99(5):365e75.

[29] Aleman BM, van den Belt-Dusebout AW, De Bruin ML, van't Veer MB,
Baaijens MH, de Boer JP, et al. Late cardiotoxicity after treatment for Hodgkin
lymphoma. Blood 2007;109(5):1878e86.

[30] van Nimwegen FA, Schaapveld M, Janus CP, Krol AD, Petersen EJ,
Raemaekers JM, et al. Cardiovascular disease after Hodgkin lymphoma
treatment: 40-year disease risk. JAMA Intern Med 2015;175(6):1007e17.

[31] Murbraech K, Wethal T, Smeland KB, Holte H, Loge JH, Holte E, et al. Valvular
dysfunction in lymphoma survivors treated with autologous stem cell trans-
plantation: a national cross-sectional study. JACC Cardiovasc Imaging
2016;9(3):230e9.

[32] Herrmann J, Lerman A, Sandhu NP, Villarraga HR, Mulvagh SL, Kohli M.
Evaluation and management of patients with heart disease and cancer: car-
dio-oncology. Mayo Clin Proc 2014;89(9):1287e306.

[33] Stewart BF, Siscovick D, Lind BK, Gardin JM, Gottdiener JS, Smith VE, et al.
Clinical factors associated with calcific aortic valve disease. Cardiovascular
Health Study. J Am Coll Cardiol 1997;29(3):630e4.

[34] Galper SL, Yu JB, Mauch PM, Strasser JF, Silver B, Lacasce A, et al. Clinically
significant cardiac disease in patients with Hodgkin lymphoma treated with
mediastinal irradiation. Blood 2011;117(2):412e8.

[35] Yarnold J, Brotons MC. Pathogenetic mechanisms in radiation fibrosis.
Radiother Oncol 2010;97(1):149e61.

[36] Fajardo LF. Morphologic patterns of radiation injury. Front Radiat Ther Oncol
1989;23:75e84.

http://refhub.elsevier.com/S1054-8807(19)30341-2/sref1
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref1
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref1
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref2
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref2
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref3
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref3
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref3
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref3
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref3
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref4
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref4
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref4
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref4
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref4
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref5
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref5
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref5
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref5
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref5
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref6
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref6
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref6
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref6
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref7
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref7
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref7
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref7
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref8
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref8
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref8
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref8
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref8
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref9
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref9
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref9
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref9
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref9
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref10
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref10
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref10
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref10
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref11
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref11
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref11
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref11
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref11
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref11
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref12
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref12
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref12
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref13
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref13
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref13
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref13
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref14
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref14
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref14
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref14
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref14
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref15
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref15
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref15
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref15
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref16
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref16
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref16
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref17
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref17
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref17
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref17
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref18
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref18
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref18
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref19
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref19
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref19
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref19
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref20
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref20
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref20
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref21
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref21
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref21
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref21
http://www.federa.org/codes-conduct
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref23
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref23
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref23
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref23
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref24
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref24
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref24
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref24
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref25
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref25
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref25
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref26
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref26
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref26
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref27
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref27
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref27
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref27
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref27
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref28
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref28
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref28
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref28
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref29
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref29
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref29
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref29
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref30
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref30
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref30
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref30
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref31
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref31
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref31
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref31
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref31
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref32
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref32
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref32
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref32
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref33
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref33
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref33
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref33
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref34
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref34
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref34
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref34
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref35
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref35
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref35
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref36
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref36
http://refhub.elsevier.com/S1054-8807(19)30341-2/sref36

	Fibrotic aortic valve disease after radiotherapy: an immunohistochemical study in breast cancer and lymphoma patients
	1. Introduction
	2. Materials and methods
	2.1. Specimen and data collection
	2.2. Histology
	2.3. Immunohistochemistry
	2.4. Image acquisition, processing, and analysis
	2.5. Statistical analysis

	3. Results
	3.1. Patient characteristics
	3.2. Inflammatory markers
	3.3. Cell density
	3.4. Valve thickness
	3.5. Calcification and fibrosis
	3.6. Chemotherapy

	4. Discussion
	4.1. Conclusion

	Conflicts of interest
	Appendix A. Supplementary data
	References


