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ABSTRACT

Objective: There is a paucity of data on the inflammatory response that takes place
in the pericardial space after cardiac surgery. This study provides a comprehensive
assessment of the local postoperative inflammatory response.

Methods: Forty-three patients underwent cardiotomy, where native pericardial
fluid was aspirated and compared with postoperative pericardial effluent collected
at 4, 24, and 48 hours’ postcardiopulmonary bypass. Flow cytometry was used to
define the levels and proportions of specific immune cells. Samples were also
probed for concentrations of inflammatory cytokines, matrix metalloproteinases
(MMPs), and tissue inhibitors of metalloproteinases (TIMPs).

Results: Preoperatively, the pericardial space mainly contains macrophages and T
cells. However, the postsurgical pericardial space was populated predominately by
neutrophils, which constituted almost 80% of immune cells present, and peaked at
24 hours. When surgical approaches were compared, minimally invasive surgery
was associated with fewer neutrophils in the pericardial space at 4 hours’ postsur-
gery. Analysis of the intrapericardial concentrations of inflammatory mediators
showed interleukin-6, MMP-9, and TIMP-1 to be highest postsurgery. Over time,
MMP-9 concentrations decreased significantly, whereas TIMP-1 levels increased, re-
sulting in a significant reduction of the ratio of MMP:TIMP after surgery, suggesting
that active inflammatory processes may influence extracellular matrix remodeling.

Conclusions: These results show that cardiac surgery elicits profound alterations in
the immune cell profile in the pericardial space. Defining the cellular and molecular
mediators that drive pericardial-specific postoperative inflammatory processes
may allow for targeted therapies to reduce immune-mediated complications.
(JTCVS Open 2022;12:118-36)
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The inflammatory mediators that are present in the
pericardial space after surgery.
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Specific inflammatory markers,
which may result in immune-
mediated complications such as
postpericardiotomy syndrome,
are present in the pericardial
space postsurgery.
PERSPECTIVE
Postpericardiotomy syndrome, postsurgical adhe-
sions, and postoperative atrial fibrillation are associ-
ated with cardiac surgery. Inflammation can drive
these complications, but the inflammatory media-
tors that occupy the postoperative pericardial
space are poorly understood. Establishing the post-
operative pericardial inflammatory response may
offer clues that can explain these complications.
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FIGURE 1. The inflammatory mediators that are present in the pericardial

space after surgery.MMP,Matrixmetalloproteinase;TIMP, tissue inhibitor of

metalloproteinase; TGFb, transforming growth factor beta; IL, interleukin.

Abbreviations and Acronyms
AVR ¼ aortic valve replacement
CABG ¼ coronary artery bypass graft
CD ¼ cluster of differentiation
cDC ¼ classical dendritic cell
CPB ¼ cardiopulmonary bypass
DC ¼ dendritic cell
ECM ¼ extracellular matrix
FS ¼ full median sternotomy
IL ¼ interleukin
IL-1Ra ¼ interleukin-1 receptor antagonist
Inf DC ¼ inflammatory dendritic cell
MICS ¼ minimally invasive cardiac surgery
MMP ¼ matrix metalloproteinase
MMPtot ¼ total matrix metalloproteinases
Mf ¼ macrophage
NK ¼ natural killer cell
PAOF ¼ postoperative atrial fibrillation
PPS ¼ postpericardiotomy syndrome
RAMT-AVR ¼ right anterior minithoracotomy

aortic valve replacement
sAVR ¼ conventional full median sternotomy

surgical aortic valve replacement
SSC ¼ side scatter
TGFb ¼ transforming growth factor-beta
TIMP ¼ tissue inhibitor of

metalloproteinases
TIMPtot ¼ total tissue inhibitors of

metalloproteinases
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Postoperative atrial fibrillation (POAF)1 and postpericardiot-
omy syndrome (PPS)2 are common early complications after
cardiac surgery, whereas postsurgical pericardial adhesions
and pericardial constriction can have negative long-term
consequences on outcomes.3-10 Although inflammation is
believed to play an important role in all these
processes,8,9,11-17 to date, we have lacked a clear
understanding of their pathophysiology, resulting in limited
therapeutic options.

Numerous studies have shown that the cardiopulmonary
bypass (CPB) machine elicits a robust systemic inflammatory
response, which is characterized by early and late stages
involving immune-mediated pathways, such as activation of
the complement system and the coagulation cascade.16-26

These studies have also found that the activation of systemic
inflammatory pathways can adversely impact clinical
outcomes by resulting in acute kidney injury, lung injury,
and neurocognitive disorders such as delirium.22-24,27 While
some groups have provided a rudimentary description of a
subset of immune factors that are present in the pericardial
space after an operation,28 there is a paucity of comprehensive
data on how surgical interventions impact the composition of
the postoperative pericardial inflammatory profile. Moreover,
to date, we do not know how different surgical approaches in-
fluence the pericardial space postoperatively. This is relevant
because minimally invasive cardiac surgery (MICS) requires
less pericardial manipulation (ie, handling, exposure, and
disruption). InMICS cases, the length and location of the peri-
cardial incision differs from conventional full median sternot-
omy (FS) cases. We have recently shown that the preoperative
pericardial space is populated with immune cells and acute
myocardial ischemia can alter their composition.29 Eluci-
dating the local postoperative inflammatory response may
provide a therapeutic opportunity in which specific markers
that potentiate POAF, PPS, and postsurgical pericardial adhe-
sions can be targeted in a precise manner to reduce their
incidence.
The objectives of this study are to (1) characterize the

postsurgical inflammatory profile of the pericardial space
(Figure 1); (2) to describe differences that can exist in this
profile over time after surgery; and (3) to determine whether
this profile is different between MICS and conventional FS
surgical approaches. The immune cells that are present in
the pericardial space after surgery are defined. The cyto-
kines, matrix metalloproteinases (MMPs), and tissue inhib-
itors of metalloproteinases (TIMPs) that populate the
pericardial space postsurgery are also identified. Finally,
by comparing between MICS and FS approaches, we eluci-
date how different types of pericardial handling can drive
the local postoperative inflammatory response. Our findings
provide insight into the inflammatory factors that have post-
surgical sequalae in the pericardial space.

METHODS
Patient Sample Acquisition

Patients undergoing elective cardiac surgery were prospectively selected

for the study. Those enrolled in this study provided written informed consent.
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TABLE 1. Baseline characteristics for all patients

Characteristic n ¼ 43

Age, y, mean � SD 62.4 � 12.9

Sex

Female 15

Male 28

Intervention

CABG 14

Full median sternotomy

Aortic valve replacement 8

Full median sternotomy

Right anterior mini thoracotomy 8

Mitral valve repair/replacement 9

Right mini thoracotomy

CABG þ AVR 1

Full median sternotomy

ASD repair 3

Right anterolateral mini thoracotomy

Coronary artery disease 17

Hypertension 26

Diabetes mellitus type II 16

Dyslipidemia 25

Active tobacco use 10

Positive family history 1

Long standing persistent atrial fibrillation 1

Renal disease (stage III or worse; eGFR<60) 3

Pulmonary fibrosis 1

Chronic obstructive pulmonary disease 2

Benign pulmonary nodule 1

Obstructive sleep apnea 3

Asthma 2

Peripheral arterial disease 1

Previous stroke 3

Cardiovascular event 5

Chronic steroid use 1

Immune-suppressed 0

Preoperative ASA use 16

Preoperative NSAID use 1

Orthopnea 1

Presyncope 4

Syncope 2

NYHA class dyspnea

Class I 9

Class II 15

Class III 6

Class IV 0

(Continued)

TABLE 1. Continued

Characteristic n ¼ 43

Preoperative LV dysfunction (by echocardiography)

Mild 5

Moderate 2

Severe 0

SD, Standard deviation; CABG, coronary artery bypass graft; AVR, aortic valve

replacement; ASD, atrial septal defect; eGFR, estimated glomerular filtration rate;

ASA, acetylsalicylic acid; NSAID, nonsteroidal anti-inflammatory drug; NYHA,

New York Heart Association; LV, left ventricular.
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A flowchart summarizing the patient selection process according to the

Strengthening the Reporting of Observational Studies in Epidemiology rec-

ommendations is provided in Figure E1. The experiments were conducted un-

der approval of the ConjointHealth Research Ethics Board at theUniversity of

Calgary underlying the Declaration of Helsinki (Ethics ID: REB16-1906,

approved February 12, 2021). Native pericardial fluid samples were obtained

from patients undergoing elective on-pump cardiac surgery at the Foothills

Medical Centre Samples were collected before the institution of CPB. Postop-

erative pericardial fluid was collected from a drain that was left in the pericar-

dial space. Inclusion criteria were age greater than 18 years and patients

undergoing conventional FS surgery or minimally invasive cardiac surgery

(MICS). Exclusion criteria were patients who were prescribed insulin or

immunosuppressive medications, patients with a history of inflammatory or

rheumatic disease, patients requiring dialysis, patients with active infective

endocarditis, and those who were undergoing emergent surgery, redo surgery,

or hemi-sternotomy cardiac surgery. We also excluded patients in whom

MICSwas converted to FS (n¼ 2), and patients in whom the pericardial drain

had to be removed before reaching the 48-hour time point due to reasons un-

related to the study (n¼ 1). The FS group included patients undergoing cor-

onary artery bypass graft (CABG) surgery, aortic valve replacement (AVR),

and combined CABG and AVR. In this cohort, the pericardium was incised

at full length anteriorly and teed off, creating the pericardial cradle. The

MICS cohort included patients undergoing right anterior minithoracotomy

for aortic valve replacement (RAMT-AVR), right minithoracotomy for mitral

valve surgery, and right anterolateral mini thoracotomy for atrial septal defect

closure surgery. For the MICS cases, the pericardium was incised and re-

tracted laterally along the course of the phrenic nerve. Except for patients un-

dergoing CABG surgery, the pericardium was reapproximated at the

conclusion of the operation in all cases. In all patients, native pericardial fluid

was completely removed intraoperatively. Postsurgical pericardial fluid was

collected at 4, 24, and 48 hours after the patient was weaned off CPB. After

collection, all fluid samples were transferred into a sodium heparin tube

(Greiner Bio-Oney) and transported on ice to the laboratory for immediate

workup. While initial analysis focused on samples collected from all patients,

we also directly compared patients undergoing conventional full median ster-

notomy surgical aortic valve replacement (sAVR) and RAMT-AVR.

Cell Isolation and Flow Cytometry
Pericardial fluid samples were filtered through a 40-mm Nylon cell

strainer (Falcon) and centrifuged at 1500 rpm (450 g) for 5 minutes at

4 �C. Acellular components were stored at –80 �C for further analysis.

For red blood cell sedimentation, postoperative samples were incubated

with 6% dextran in phosphate-buffered saline for 30 minutes in a 2:1 ra-

tio at room temperature before flow cytometry workup. Cell pellets were

then processed for flow cytometry. After cell counts, 1 million cells were

blocked with a human Fc gamma receptor binding inhibitor (eBioscience)

and incubated with GhostDye Red 710 viability dye (Tonbo Biosciences)

for 20 minutes. Cell staining followed for 20 minutes with specific

markers (Table E1). Fixed samples were run on a BD FACS Canto

flow cytometer and analyzed with FlowJo 10 Software (Becton Dickinson



TABLE 2. Baseline characteristics, intraoperative details, and clinical

outcomes for patients who underwent sAVR and RAMT-AVR

Postoperative outcomes sAVR, n ¼ 8

RAMT-AVR,

n ¼ 8

Age, mean � SD 68.0 � 6.68 68.9 � 6.49

Sex

Female 2 4

Male 6 4

Coronary artery disease 1 2

Hypertension 5 3

Diabetes mellitus type II 1 3

Dyslipidemia 3 6

Active smoking history 2 0

Positive family history 0 0

Long standing persistent atrial

fibrillation

1 0

Renal disease (stage III or

worse; eGFR<60)

1 1

Lung Disease (any type) 0 0

Peripheral arterial disease 0 0

Previous stroke 1 1

Cardiovascular event 1 1

Chronic steroid use 0 0

Immune-suppressed 0 0

Preoperative aspirin use 3 4

Preoperative NSAID use 0 0

Orthopnea 0 0

Presyncope 0 3

Syncope 0 2

NYHA class dyspnea

Class I 1 2

Class II 2 4

Class III 4 2

Class IV 0 0

Preoperative LV dysfunction (by echocardiography)

Mild 1 0

Moderate 0 0

Severe 0 0

Intraoperative details

Cardiopulmonary bypass

time, min, mean � SD

90.9 � 22.3 76.9 � 19.5

Aortic crossclamp time,

min, mean � SD

70.1 � 20.2 60.3 � 20.7

Postoperative outcomes

Death 0 0

Stroke 0 0

Dialysis 0 0

Infection 0 0

Prescribed aspirin 8 8

(Continued)

TABLE 2. Continued

Postoperative outcomes sAVR, n ¼ 8

RAMT-AVR,

n ¼ 8

Mechanical ventilatory

time, h

13.62 � 13.02 4.93 � 1.37

Postoperative atrial

fibrillation

2 2

sAVR, Conventional full median sternotomy surgical aortic valve replacement;

RAMT-AVR, right anterior minithoracotomy aortic valve replacement; SD, standard

deviation; eGFR, estimated glomerular filtration rate; NSAID, nonsteroidal anti-

inflammatory drug; NYHA, New York Heart Association; LV, left ventricular.
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& Company). Cell counts were performed by using counting beads

(Thermo Fisher Scientific) and normalized to individual sample flow cy-

tometry run times.

Proportional cell quantifications are shown as percentage of cluster of

differentiation (CD)45þ cells. T cells were identified as CD3þ. Neutrophils
were identified as CD3– CD64– CD16þ side scatter (SSChi). Natural killer

cells (NKs) were identified as CD3– CD64– CD16– SSClo CD56þ popula-

tion, including CD16– and CD16þ NKs, respectively. B cells were identi-

fied as CD3– CD64– CD16– SSClo CD56– CD45þ CD19þ. Classical

dendritic cells (cDCs) type 2 were identified as CD64þ CD1cþ CD14–. In-

flammatory dendritic cells (Inf DCs) were identified as CD64þ CD1cþ

CD14þ. Macrophages (Mf) were identified as CD64þ CD14þ cells,

including a CD16– CD163lo macrophage population (CD163lo Mf) and

a CD16þ CD163hi (CD163hi Mf) macrophage population, respectively.
Cytokines, MMPs, TIMPs, and Transforming
Growth Factor-Beta (TGFb)

Cytokine, MMP, TIMP, and TGFb concentrations in fluid supernatants

were measured with blinded multiplex analysis (Eve Technologies). We

probed for interleukin (IL)-1b, IL-1 receptor antagonist (IL-1Ra), IL-5,

IL-6, IL-8, IL-10, IL-12p40, IL-13, interferon-gamma-g, tumor necrosis

factor alpha, and monocyte chemoattractant-1. We also assayed the fluid

for MMP-1, MMP-2, MMP-3, MMP-7, MMP-8, MMP-9, MMP-10,

MMP-12, and MMP-13. Further, we assessed for TIMP-1, TIMP-2,

TIMP-3, and TIMP-4. MMP/TIMP ratios were calculated manually.

Finally, we also probed for TGFb-1, TGFb-2, and TGFb-3. To compare be-

tween different multiplex runs, we used control samples that were present

in each run and calculated factors based on their concentration levels.

Statistical Analysis
Data are presented in box and whisker plots as median with

minimum � maximum. Line graphs are shown as mean � standard error

of mean. Patient characteristics are expressed as mean� standard deviation

where appropriate. GraphPad Prism 9 Software was used for statistical

analysis. Under assumption of normal distribution, we performed an un-

paired Student t-test where appropriate to compare demographics of the

2 groups. Two-way analysis of variance was used for comparison of mul-

tiple groups between time-points with the Tukey post hoc test. To deter-

mine differences between surgical approaches at the same time point, we

performed unpaired Student t-tests under assumption of Gaussian distribu-

tion and the same standard deviation for both populations. We reported the

number of independent replicates (n) in the figure legends.

RESULTS
Patient Demographics
Forty-three patients were included in the study, 28 were

male, and the mean age was 62.4 � 12.9 years.
JTCVS Open c Volume 12, Number C 121
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FIGURE 2. The immune cell profile that is present in the pericardial space changes postsurgery. A, Representative t-distributed stochastic neighbor

embedding plots showing the immune cell profile present in native PF (left), at 4 (middle left), 24 (middle right), and 48 hours’ post-CPB (right). The figure

was prepared by using Adobe Illustrator 2022. B, Overview of the immune cells present in the pericardial space as total numbers per milliliter in native PF
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Twenty-six patients had hypertension, 16 had diabetes, and
25 had dyslipidemia. Baseline patient characteristics are
summarized in Table 1. Twenty-three patients underwent
conventional FS cardiac surgery, where CABG was per-
formed in 14, 8 had conventional sAVR, and 1 patient had
CABG þ AVR. A minimally invasive operation was per-
formed in 20 patients, where 9 had surgery done on the
mitral valve and minimally invasive aortic valve replace-
ment (RAMT-AVR) was completed in 8 patients and mini-
mally invasive atrial septal defect closure was done for 3
patients. All surgeries were performed by using the CPB
machine, and an aortic crossclamp was applied in all cases.
Blood cardioplegia or Del Nido cardioplegia was used for
all cases. Intraoperative details for all patients are listed in
Table E2.

In the AVR groups, the mean age was 68.0 � 6.68 years
and 68.9 � 6.49 years in the sAVR and RAMT-AVR co-
horts, respectively. The sAVR group consisted of 2 female
and 6male patients, whereas therewere 4 male and 4 female
patients in the RAMT-AVR cohort. Five and 3 patients had
hypertension in the sAVR and RAMT-AVR groups, respec-
tively. One patient had diabetes mellitus type II in the sAVR
group and 3 patients with diabetes were present in the
RAMT-AVR group. Three and 6 patients had dyslipidemia
in the sAVR and RAMT-AVR groups. All patients presented
with dyspnea, but only 1 patient, who was in the sAVR
group, had mild left ventricular dysfunction. None of the
patients were actively prescribed steroids or immunosup-
pressive medications. There were no statistically significant
differences between the 2 groups and operative times.
While CPB time was 90.9 � 22.3 minutes and
76.9 � 19.5 minutes (P-value: .20), aortic crossclamp
time was 70.1 � 20.2 minutes and 60.3 � 20.7 minutes
(P-value: .35) in the sAVR and RAMT-AVR groups, respec-
tively. Postoperatively, therewere no deaths or strokes, but 1
patient from the sAVR was rehospitalized for pleural effu-
sion. Baseline demographics, intraoperative details, and
postoperative outcomes for the sAVR and RAMT-AVR
groups are presented in Table 2.
Neutrophils and T Cells Are the Predominant
Postoperative Pericardial Immune Cells

The cellular components of native pericardial fluid and
the postoperative pericardial fluid were analyzed to
determine the composition of immune cells (Figure 2, A).
and at the postoperative time points. C, Proportional quantification of the immune cells that are present in native and postsurgical PF, presented as percentage

of CD45þ cells. Comparisons for neutrophils, CD163hi and lo Mf, cDC2, Inf DC, B cells, T-cells, CD16þ and CD16– NKs are included. Each comparison

represents n¼ 36 for native PF, n¼ 43 for 4, 24, and 48 hours’ post-CPB.Box and whisker plots indicate median with minimum�maximum. The lower and

upper borders of the box represent the lower and upper quartiles (25th percentile and 75th percentile). Themiddle horizontal line represents the median. The

lower and upper whiskers represent the minimum andmaximum values of nonoutliers. For statistical analysis 2-way analysis of variancewith the Tukey post

hoc test was performed to determine differences between time points. *P � .05. **P � .01. ***P � .001. ****P � .0001. PF, Pericardial fluid; CPB, car-

diopulmonary bypass;CD, cluster of differentiation,Mf, macrophage, cDC2, classical dendritic cell type 2; Inf DC, inflammatory dendritic cell;NK, neutral

killer cell.
=

Neutrophils, macrophages, cDCs, Inf DCs, B cells, T cells,
and NK cells were present in the pericardial space after sur-
gery (Figure 2, B). CD16þ and CD16– NK cells were also
present in the pericardial cavity after surgery. The different
cell types that were identified were quantified for cell count
and percentage of CD45þ cells (Figure 2, C). At 4 hours’
post-CPB, neutrophils were the most abundant cell type.
Levels of neutrophils increased at 24 hours’ post-CPB but
reduced at the 48-hour time point. The increase in the
neutrophil levels coincided with a decrease in macrophage
populations, T cells, and CD16- NK cells. Proportions of
DC populations, B cells, and CD16þ NK cells remained
at low levels at the 48-hour time point.

Cytokines Populate the Pericardial Space After
Surgery, Where IL-6 Is the Predominant Cytokine
To further characterize the local postoperative inflamma-

tory response, the acellular portion of postsurgical pericar-
dial fluid samples was assessed for the concentration of
cytokines, MMPs, and TIMPs. The postoperative pericar-
dial concentration of IL-6 was found to be highest, followed
by IL-8, and IL-10 (Figure 3, A). When compared with
4 hours’ post-CPB, the concentration of IL-1Ra increased
at 24 hours’ post-CPB whereas IL-5 increased significantly
in the pericardial space at 48 hours’ post-CPB. In contrast,
when comparing between 4 and 24 hours’ post-CPB time
points, IL-10 and IL-1Ra concentrations decreased in the
pericardial space, whereas IL-8 and IL-10 concentrations
were significantly lower at 48 hours’ versus 4 hours’ post-
CPB. Pericardial concentration of IL-13 also decreased
significantly where there were differences between both
48 hours’ versus 4 hours’ post-CPB and 48 hours’ versus
24 hours’ post-CPB. There was a significant difference in
the pericardial concentrations of IL-12p40 between 48
and 4 hours’ post-CPB.With respect to different time points
post-CPB, there were no differences in the pericardial con-
centrations of IL-1b, IL-6, monocyte chemoattractant
protein-1, interferon-g, and tumor necrosis factor-a.

The Concentration of MMP-9 and MMP-8 is Highest
in the Pericardial Space Postsurgery
MMP-9 and MMP-8 concentrations were highest in the

pericardial space after surgery (Figure 3, B). When
compared with different post-CPB time points, MMP-1,
MMP-3, MMP-8, and MMP-10 concentrations increased
JTCVS Open c Volume 12, Number C 123
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in the pericardial space after surgery. Pericardial concentra-
tions of MMP2- and MMP-7 remained relatively un-
changed, whereas MMP-9, MMP-12, and MMP-13
significantly decreased over time after surgery. The
124 JTCVS Open c December 2022
decrease in MMP-9 concentrations was significant between
each time interval. There were significant increases be-
tween each time point and MMP-3 and MMP-10
concentrations.
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TIMP-1 and TIMP-2 Have the Highest
Concentration in the Postoperative Pericardial Space

Although we probed for it, our multiplex analysis did not
reveal appreciable levels of TIMP-3, whereas TIMP-1 and
TIMP-2 concentrations were noted to be highest in the peri-
cardial space after surgery (Figure 3, C). Comparing be-
tween postoperative time points, there was a significant
increase in pericardial TIMP-1 concentrations between
24 hours’ versus 4 hours’ post-CPB, between 48 hours’
versus 4 hours’ post-CPB, and between 48 hours’ and
24 hours’ post-CPB. Pericardial TIMP-2 and TIMP-4 con-
centrations increased significantly from 4 to 24 hours’ post-
CPB and 4 to 48 hours’ post-CPB.
Concentration of TGFb-1 Is Twice as High at 4 Hours
Compared With 48 Hours Postcardiotomy

Finally, we assessed for the postoperative pericardial
concentration of TGFb and found TGFb-1 to have the
highest concentration (Figure 3, D). The concentration of
TGFb-1 was lower at both the 24- and 48-hours post-CPB
when compared with the 4-hour time point.
There Is a Significant Decrease in the MMPtot/
TIMPtot in the Pericardial Space After Surgery
The proteolytic capacity was evaluated by comparing ra-

tios ofMMPs to TIMPs. First, the total pericardial concentra-
tion of MMPs (MMPtot) and TIMPs (TIMPtot) was
calculated. The MMPtot/TIMPtot ratio decreased signifi-
cantly in the pericardial space over time (Figure 4, first
panel). We then measured the ratio between the MMPs
that were present at the highest concentrations in the pericar-
dial space after surgery and TIMPtot. Specifically, we
focused on MMP-2, MMP-3, MMP-8, and MMP-9
(Figure 4). Except for MMP-3/TIMPtot, which increased
over time, MMP-2/TIMPtot, MMP-8/TIMPtot, and MMP-9/
TIMPtot all decreased in the pericardial space after surgery.
JTCVS Open c Volume 12, Number C 125
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The Composition of Postoperative Pericardial
Immune Cells Is Different Between Patients
Undergoing sAVR and RAMT-AVR

The composition of immune cells present in the pericardial
space after surgery was compared according to type of sur-
gery: sAVR versus RAMT-AVR (Figure 5,A). The pericardial
drain output for each surgical approach was first quantified,
where a significantly higher output was noted in the sAVR
group at all time-points (Figure 5, B). The drain output repre-
sented the volume of the fluid that accumulated in the pericar-
dial space after surgery. Next, we quantified the proportion of
postoperative pericardial immune cells as CD45þ cell
numbers/mL and found no statistically significant differences
between sAVR and RAMT-AVR across all time points post-
CPB (Figure 6, A). With respect to the postoperative pericar-
dial neutrophils, there were significantly fewer cells in the
RAMT-AVR cohort at 4 hours’ post-CPB. At 48 hours’
post-CPB, significantly more CD163lo macrophages were
found in the pericardial cavity in the patients who underwent
RAMT-AVR, whereas no differences were observed for
CD163hi macrophages across time points and surgical ap-
proaches. The patients who underwent RAMT-AVR also
had more cDC type 2 and Inf DC at the 24 and 48 hours’
post-CPB time points, respectively. With respect to surgical
approach, no significant differences were observed in the pro-
portions of B cells, T cells, and CD16– NK cells. However,
CD16þ NK cells were found more abundantly at 48 hours’
post-CPB in the sAVR group (Figure 6, B).
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Surgical Approach Can Influence the Concentration
of Cytokines and MMPs That Are Present in the
Pericardial Space Postoperatively

Samples from patients who underwent sAVR were
compared with patients who underwent RAMT-AVR to
determinewhether surgical approach can influence the post-
operative concentrations of pericardial cytokines
(Figure E2, A). The only significant difference was in the
concentration of IL-8, which was higher in the RAMT-
AVR group at 4 hours’ post-CPB. With respect to the con-
centrations of MMPs, MMP-1 was higher in the patients
who underwent sAVR at 4 and 48 hours’ post-CPB, while
MMP-10 was greater in the sAVR group at 4 hours’ post-
CPB and MMP-12 was higher in these patients at 48 hours
after surgery (Figure E2, B). No significant differences were
noted between sAVR versus RAMT-AVR and postoperative
pericardial concentrations of TIMPs (Figure E2, C).

The MMPtot/TIMPtot ratio was also compared with
respect to surgical approaches, and no difference was seen
(Figure E3, first panel). Regarding specific MMPs, MMP-
2/TIMPtot was significantly higher in the sAVR cohort at
48 hours’ post-CPB. Surgical approach did not appear to
significantly influence the ratio of other MMPs (Figure E3).

DISCUSSION
During cardiac surgery, to access the heart and great ves-

sels, the pericardium is opened, and native pericardial fluid
is evacuated. This results in a significant perturbation of the
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pericardial cavity, which is otherwise a homeostatic envi-
ronment. The postoperative pericardial space may be repo-
pulated by immune/inflammatory factors, such as
cytokines, that predispose the heart to POAF and PPS.
Such factors may also drive the formation of postsurgical
pericardial adhesions and pericardial constriction. Circu-
lating immune/inflammatory mediators have been shown
to contribute to POAF.9,15 Some inflammatory factors
have also been found in the pericardial cavity after sur-
gery.28,30 However, there is a paucity of data on the compo-
sition of immunemediators that may be present in this space
postoperatively. Moreover, to date, no study has explored
the influence of surgical approaches on postsurgical pericar-
dial inflammatory profiles. This study has 3 novel findings:
(1) we provide a comprehensive profiling of the immune/in-
flammatory cells and mediators that are present in the peri-
cardial space after surgery; (2) we elucidate how the levels
of these immune/inflammatory cells and markers change
over the first 2 days after surgery; and (3) we offer insight
into how surgical approach can impact this profile.

Clinical Significance and Implications
The systemic inflammatory response after cardiac sur-

gery has been extensively studied.16-26 It is generally
accepted that cardiopulmonary bypass and ischemia–
reperfusion injury plays a major role in activating systemic
inflammatory cascades. To date, little attention has been
given to the local immune-mediated inflammation that oc-
curs postoperatively. A better understanding of this local
response may explain the precise mechanisms that drive
POAF, postsurgical pericardial adhesion formation, PPS,
and pericardial constriction, which are common complica-
tions associated with cardiac surgery. The present study is
clinically relevant for 3 main reasons. First, we provide a
comprehensive description of the local inflammatory
response that takes place in the pericardial space after sur-
gery. To do so, we identify the immune cells that are present
in the cavity and quantify the concentration of cytokines,
MMPs, TIMPs, and TGFb. Importantly, we also demon-
strate that the composition of native pericardial fluid im-
mune cells before surgery is drastically different than its
composition after surgery. Second, we outline how the con-
centration of these immune cells and inflammatory factors
change with time after surgery. Third, we perform a subpop-
ulation analysis and compare the local inflammatory
response between the 2 different surgical approaches. Pre-
liminary findings suggest that a minimally invasive surgical
approach can affect the composition and kinetics of the im-
mune response for certain factors but does not inhibit it.
Since native pericardial fluid is routinely removed during
cardiac surgery, this study offers insight into the inflamma-
tory response that takes place in the pericardial space after
pericardiotomy and cardiac surgery. Figure 7 summarizes
the design and main findings of the study. This study
confirms that, regardless of surgical approach, there is a
local postoperative inflammatory response. Indeed, our
work can be used to (1) appreciate the presence and nature
of the inflammatory response that occurs in the pericardial
space after conventional and minimally invasive cardiac
surgery, and (2) to build upon in future work to determine
whether the inflammatory mediators that populate the peri-
cardial space after surgery contribute to POAF, postsurgical
pericardial adhesions, and pericardial adhesions. Given the
importance of these common complications, and their asso-
ciation with inflammation, we hope this study provides a
detailed description of the local inflammatory response
postcardiotomy. Follow-up studies with larger sample size
and longer follow-up may reveal a link between specific
postsurgical pericardial inflammatory mediators and the
aforementioned complications. Moreover, building on our
study, future work can (1) better delineate whether pericar-
dial handling in conventional cardiac surgery or through
minimally invasive approaches perturb the local postopera-
tive inflammatory response to an extent that influences the
incidence of the aforementioned postsurgical complica-
tions, and (2) determine whether postoperative factors,
such as duration of mechanical ventilation, can impact the
pericardial inflammatory profile.

Postoperative Pericardial Immune Cells
In the present study, for the first time, we provide a

comprehensive description of the immune cells that repopu-
late the pericardial space after cardiac surgery. We show
that neutrophils are the predominant cell type that is present
in this space after an operation. This contrasts with native
pericardial fluid, which has negligible levels of neutrophils.
The heavy influx of neutrophils in the pericardial space is
likely due to a combination of local surgical bleeding and
active recruitment. Interestingly, neutrophil levels were
lower in patients who underwent RAMT-AVR when
compared with the sAVR cohort. This may be a conse-
quence of less postsurgical bleeding in the RAMT-AVR
group, as demonstrated by the smaller volume of postoper-
ative fluid that was present in the pericardial drains in this
cohort. Neutrophils are known as important sources of pro-
teases, reactive oxygen species, neutrophil extracellular
traps that is effective in neutralizing pathogens but can
also contribute to inadvertent tissue damage. However, an
evolving view is that neutrophils can use these effector
mechanisms and phagocytic capacity to promote the heal-
ing process through promotion of extracellular matrix
(ECM) remodeling, angiogenesis, and cellular modula-
tion.31-33 Although beyond the current scope of our study,
determining the direct contributions of neutrophils to the
postsurgical pericardial/cardiac remodeling warrants
further investigation. In contrast, the predominant
immune cells that populate the native pericardial fluid
including macrophages and T cells, were found at
JTCVS Open c Volume 12, Number C 127
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significantly lower levels in the pericardial cavity
postoperatively. This indicates that the immune cell
compartment surrounding the heart dramatically changes
following cardiac surgery and these resident cells are not
re-established in the space within the first 2 days postsur-
gery. With respect to the postoperative immune cells that
populate the pericardial space, it is important to emphasize
that, although the proportion of immune cells may be
similar between sAVR and RAMT-AVR, the significant dif-
ference that exists in the volume of post-surgical pericardial
fluid in these patients should not be neglected. Given that
numerous clinical studies have foundMICS to be associated
with lower rates of POAF,34-37 future research with larger
samples sizes, should assess whether the higher volume of
postoperative pericardial fluid correlates with immune cell
densities and clinical outcomes.

Postsurgical Pericardial Cytokines
We also assayed postoperative pericardial fluid for com-

mon pro- and anti-inflammatory cytokines with respect to
time points after surgery and operative approaches. IL-6
levels were highest in the pericardial space postoperatively.
IL-6 plays an important role in rapidly inducing acute in-
flammatory phase proteins such as C-reactive protein,
serum amyloid A, fibrinogen, haptoglobin, and alpha-1-
antichymotrypsin.38 Interestingly, there were no statisti-
cally significant differences in the pericardial levels of
IL-6 at the specific time points after surgery. IL-8 was
also highly expressed in the postsurgical pericardial space,
where its levels decreased significantly over time. It is
important to highlight that, within the first 48 hours post-
CPB, surgical approach did not elicit any differences in
the pericardial concentrations of the other cytokines that
were probed. Taken together, this would suggest that local
surgical manipulation is most likely responsible for the
cytokine response independent of incision made on the skin.

Postoperative Pericardial Concentration of MMPs
and TGFb

As mentioned, the postsurgical pericardial space is an
altered environment. It is likely that pro- and anti-
inflammatory pathways influence postoperative pericardial
changes via different mechanisms. MMPs and TIMPs are
major regulators of ECM remodeling and have been
populations at 4, 24, and 48 hours’ post-CPB comparing sAVR versus RAMT-A

row middle) and CD163lo Mf (top row right), dendritic cells with cDC2 (middl
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implicated in many cardiovascular diseases, such as coro-
nary artery disease, aneurysm formation, and myocardial
infarction.39 Thus, we were interested to explore how the
pericardial levels of MMPs and TIMPs change over time af-
ter an operation, and whether surgical approach can affect
their levels.
We noted that the concentration of MMP-9 and MMP-8

were higher in the pericardial space after surgery. This
can be explained by the neutrophils that are present in the
pericardial space postoperatively since neutrophils express
and secrete both MMP-840,41 and MMP-9.42 Interestingly,
although pericardial MMP-8 concentrations increased
significantly post-CPB, pericardial MMP-9 concentrations
reduced over the same time period. The reduction in
MMP-9 may be explained by the lack of postoperative peri-
cardial macrophages as they are predominantly responsible
for MMP-9 expression.43

With respect to surgical approaches, there were signifi-
cant differences in MMP-1, MMP-10, and MMP-12 levels.
It is also intriguing to note that the kinetics of these differ-
ences vary for the different MMPs. Although probably
multifactorial, there are 2 reasons that can potentially
explain these differences. First, the higher amount of
surgical bleeding that occurs in the patients who undergo
sAVR compared with the RAMT-AVR group. Second,
given their proportional representation in the pericardial
space after surgery, neutrophils likely drive some of the dif-
ferences we observe in the levels of MMPs. This is in keep-
ing with what has been found in literature, where
neutrophils are considered the main cellular source produc-
ing MMPs.44

While there were no differences between patients under-
going sAVR and RAMT-AVR (data not shown), we estab-
lished the presence of TGFb in the pericardial space after
surgery. This is an important finding, since many studies
have shown that TGFb plays a critical role in inflammation
and ECM remodeling.45-47
Postsurgical Pericardial TIMPs and the Ratio of
Postoperative Pericardial MMPs to TIMPs
A family of 4 members, TIMPs regulate ECM degrada-

tion and remodeling by inhibiting proteolytic factors; inhib-
iting MMPs; and inhibiting angiogenesis by antagonizing
vascular endothelial growth factor.48-50 Thus, it is
VR, including neutrophils (top row left), macrophages with CD163hi Mf (top

e row left) and Inf DC (middle row middle), B cells (middle row right), T cells
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horacotomy aortic valve replacement; CPB, cardiopulmonary bypass; Mf,
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important to assess whether their postoperative levels in the
pericardial space change over time and with respect to
surgical approach. We were able to show that TIMP-1,
TIMP-2, and TIMP-4 are present in the pericardial space af-
ter surgery, where their concentrations increased over time
after surgery, suggesting an active local inflammatory
process.

Moreover, the balance between MMPs and TIMPs is an
important determinant of ECM regulation and dysregula-
tion, where alterations in their ratio may contribute to
different pathologies.51 Thus, we asked whether the ratio
between postoperative pericardial MMPs and TIMPs varied
over time and with respect to the surgical approaches. Inter-
estingly, when we compared between MMPtot and TIMPtot,
we found that MMPtot/TIMPtot levels significantly
decreased in the pericardial space over time after surgery.
It is interesting that the ratio was not affected by the surgical
approach. This would suggest an induction of TIMP-
mediated anti-inflammatory processes in the pericardial
cavity that was independent from the surgical approach.
We then considered the ratio between individual MMPs
and TIMPs but focused on the most abundantly expressed
130 JTCVS Open c December 2022
MMPs and TIMPtot. Except for MMP-3/TIMPtot, the other
ratios all decreased significantly after surgery.

Limitations
Although this study provides original insights into the

postsurgical local inflammatory response, there are a few
limitations. First, for the patients who underwent RAMT-
AVR, we were able to collect postoperative pericardial fluid
only up to 48 hours’ post-CPB, as these patients were other-
wise ready for discharge. Second, to better assess for differ-
ences in the incidence of POAF, more patients are being
enrolled in an ongoing study. We will be enrolling a total
of 100 patients (50 in each group), which will provide
enough power to assess for statistical significance. Finally,
since this study focuses on reporting the early cellular and
molecular changes that occur in the pericardial space, inter-
mediate- and long-term clinical outcomes have not been
collected.

CONCLUSIONS
It is well known that cardiac surgery, especially by the

way of the cardiopulmonary pulmonary bypass machine,



Fatehi Hassanabad et al Adult: Pericardium
induces a robust systemic inflammatory response. Such a
response has been shown to be associated with adverse out-
comes, including delirium and end-organ injury. Neverthe-
less, to date, literature has yet to fully characterize the local
inflammatory response after cardiac surgery. In this pro-
spective pilot clinical study, we have comprehensively char-
acterized the postsurgical pericardial inflammatory profile.
We have also considered how this profile evolves over the
first 48 hours after surgery. Finally, to query whether peri-
cardial handling affects the composition of the postsurgical
inflammatory profile, we have compared between conven-
tional and minimally invasive surgical approaches.
Although this is a relatively small study, our findings offer
insight into the inflammatory changes that occur in the
pericardial space after surgery. Our observations can be
extrapolated in future studies to better understand
whether postoperative pericardial inflammatory mediators
contribute to complications common to cardiac surgery,
such as POAF and PPS. The ultimate clinical application
of this study would be to identify such markers and target
them in a precise and personalized manner to reduce the
incidence of such complications and improve clinical out-
comes for patients undergoing cardiac surgery.
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Patients undergoing cardiac surgery in the Foothills
Medical Centre, Calgary, Alberta

Inclusion criteria:

• 18 years or older
• Elective on-pump cardiac surgery
• Conventional full sternotomy or
  minimally invasive cardiac surgery
• Written informed consent

Study removal: (n = 3)

• Converted cases
• Early drain removals

Pericardial drain left in pericardial space:

• Pericaridal fluid collection at 4-, 24-, and
  48-hours post-CPB
• Fluid analysis for immune cells and
  inflammatory mediators

Exclusion criteria:

• Emergent surgeries
• Hemi-sternomies
• Redo surgeries
• VADs
• Prescribed insulin or immuno-
  suppressive medications
• History of inflammatory or
  rheumatic disease
• Dialysis
• Active infective endocarditis

FIGURE E1. Flowchart depicting the patient selection process as per Strengthening the Reporting of Observational Studies in Epidemiology recommen-

dation. VADs, Ventricular assist devices; CPB, cardiopulmonary bypass.
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FIGUREE2. Comparison between sAVR and RAMT-AVR and the concentrations of cytokines, MMPs, and TIMPs. A, Comparison of the concentration of

3 cytokines in sAVR versus RAMT-AVR groups at 4, 24, and 48 hours’ post-CPB. Cytokines being presented include IL-6 (left), IL-8 (middle), and IL-10

(right) where concentrations are shown in pg/mL. Each panel represents n ¼ 8 for sAVR and n ¼ 8 for RAMT-AVR. For statistical analysis, an unpaired

Student t-test was performed to determine differences between sAVR and RAMT-AVR at each time point. Lines represent mean� standard error. **P� .01.

B, Comparison of MMP levels in sAVR versus RAMT-AVR at 4, 24, and 48 hours post-CPB. MMP-1 (left), MMP-10 (middle), and MMP-12 (right) are

shown where concentrations are shown in pg/mL.MMP-1 (left) andMMP-10 (middle) represent n¼ 8 for sAVR and n¼ 8 for RAMT-AVR, while MMP-12

(right) shows n¼ 5 for sAVR and n¼ 4 for RAMT. For statistical analysis, an unpaired Student t-test was performed to determine differences between sAVR

and RAMT-AVR at each time point. Lines represent mean� standard error. *P� .05. C, Comparison of TIMP-1 (left), TIMP-2 (middle), and TIMP-4 (right)

concentration levels in postsurgical pericardial fluid in sAVR versus RAMT-AVR at 4, 24, and 48 hours’ post-CPB. Each panel represents n ¼ 8 for sAVR

and n ¼ 8 for RAMT-AVR. For statistical analysis, an unpaired Student t-test was performed to determine differences between sAVR and RAMT-AVR at

each time point. Lines present mean� standard error. IL, Interleukins; CPB, cardiopulmonary bypass;MMP, matrix metalloproteinase; TIMP, tissue inhib-

itor of metalloproteinase; sAVR, conventional full median sternotomy surgical aortic valve replacement; RAMT-AVR, right anterior mini-thoracotomy aortic

valve replacement.
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FIGURE E3. Assessment of postoperative pericardial MMP/TIMP ratios in patients undergoing sAVR versus RAMT-AVR. Quantitative comparison of

postsurgical pericardial MMP/TIMP ratios at 4-, 24-, and 48-hours post-CPB with respect to surgical approach. Analysis and comparison of MMPtot to

TIMPtot ratio when considering sAVR versus RAMT-AVR (left), MMP-2/TIMPtot (second left), MMP-3/TIMPtot (middle), MMP-8/TIMPtot (second right),

and MMP-9/TIMPtot (right). Comparisons represent n ¼ 8 for sAVR and n ¼ 8 for RAMT-AVR. For statistical analysis unpaired Student t-test was per-

formed to determine differences between sAVR and RAMT-AVR at each time-point. Lines present mean � standard error. *P � .05.MMP, Matrix metal-

loproteinase; TIMP, tissue inhibitor of metalloproteinase; sAVR, conventional full median sternotomy surgical aortic valve replacement; RAMT-AVR, right

anterior mini thoracotomy aortic valve replacement; CPB, cardiopulmonary bypass; tot, total.

JTCVS Open c Volume 12, Number C 135

Fatehi Hassanabad et al Adult: Pericardium



TABLE E1. Reagents and resources

Reagent or resource Source Identifier

Antibodies

eFluor450 anti-human CD3 Thermo Fisher Scientific Cat#: 48-0037-42

BV510 anti-human CD45 BioLegend Cat#: 304036

BV650 anti-human CD1c BioLegend Cat#: 331542

FITC anti-human CD163 BioLegend Cat#: 333618

PE anti-human CD19 BioLegend Cat#: 392506

PerCP-Cy5.5 anti-human CD14 BioLegend Cat#: 367110

PE-Cy7 anti-human CD64 BioLegend Cat#: 305021

APC anti-human CD56 BioLegend Cat#: 362504

APC-Cy7 anti-human CD16 BioLegend Cat#: 302018

Reagents

GhostDye Red710 Viability Dye Tonbo Biosciences Cat#: 13-0871-T100

Anti-human FcgR Binding Inhibitor Thermo Fisher Scientific Cat#: 14-9161-73

Dextran powder Spectrum Chemical Cat#: 9004-54-0

123count eBeads Counting Beads Thermo Fisher Scientific Cat#: 01-1234-42

Compensation Beads Invitrogen Cat#: Q1-2222-42

Vacuette NH Sodium Heparin tubes Greiner bio-one Cat#: 456028 (6 mL)

Cat#: 455051 (9 mL)

Software

FlowJo10 Becton Dickinson

& Company (BD)

www.flowjo.com

GraphPad Prism v9.0 GraphPad Software www.graphpad.com

BioRender BioRender www.biorender.com

Adobe Illustrator 2022 Adobe www.adobe.com/ca/

products/illustrator

CD, Cluster of differentiation; BV, Brillian Violet; FITC, fluorescein isothiocyanate; PE, Phycoerythrin; PerCP-Cy, Peridinin chlorophyll protein-cyanine; PE-Cy, Phycoerythrin-

cyanine; APC, Allophycocyanin; APC-Cy, Allophycocyanin-cyanine; FcgR, Fc gamma receptor; NH, Sodium Heparin.

TABLE E2. Intraoperative details for all patients

n ¼ 43

Coronary artery bypass grafts

32 2

33 11

34 1

Valve replacements

Aortic valve 16

Mitral valve 1

Valve repairs

Aortic valve 0

Mitral valve 8

ASD patch 3

Cardiopulmonary bypass

time, min, mean � SD

100.8 � 37.6

Aortic crossclamp time, min,

mean � SD

78.9 � 31.7

ASD, Atrial septal defect; SD, standard deviation.
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