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Abstract

Background: Cardiac transplants increasingly occur following placement of ventricular assist
devices (VADSs). A strong association exists between human leukocyte antigen (HLA) sensitization
and VAD placement; however, desensitization protocols that utilize therapeutic plasma exchange
(TPE) are fraught with technical challenges and are at increased risk of adverse events. In response
to increased VAD utilization in our pre-transplant population, we developed a new institutional
standard for TPE in the operating room.

Methods: Through a multidisciplinary effort, we developed an institutional protocol for
intraoperative TPE immediately prior to cardiac transplantation after cannulation onto
cardiopulmonary bypass (CPB). All procedures used the standard TPE protocol on the Terumo
Optia® (Terumo BCT, Lakewood, CO, USA), but incorporated multiple modifications to limit
patients’ bypass times, and to coordinate with the surgical teams. These modifications included
deliberate misidentification of replacement fluid and maximization of the citrate infusion rate.

"Denotes corresponding author.

AUTHOR CONTRIBUTIONS

The authors confirm the following contributions to this paper: study conception and design: JW, PS, SK, CJ; data collection: JW, ED;
analysis and interpretation of results: JW, ED; manuscript preparation: ED, JW; manuscript revision: ED, YDM, CJ, ND, JW. All
authors approved the final submission of this manuscript.

Conflict of Interest:
None of the authors have a conflict of interest to disclose.

Ethics Approval Statement:

This single-center case series was approved by the Institutional Review Board at Children’s National Hospital. A waiver of informed
consent and parental permission was obtained. The work contained herein and each of the authors are in accordance with Wiley’s Best
Practice Guidelines on Research Integrity and Publishing Ethics.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Davies et al. Page 2

Results: These adjustments allowed the machine to run at maximal inlet speeds, minimizing
duration of TPE. To date, eleven patients have been treated with this protocol. All survived

their cardiac transplantation operation. Hypocalcemia and hypotension were noted; however,
none of these adverse events appeared to have clinical impact. Technical complications included
unexpected fibrin deposition in the TPE circuit and air in the inlet line due to surgical
manipulation of the CPB cannula. No thromboembolic complications occurred in any patient.

Conclusion: We feel that this procedure can be rapidly and safely performed in HLA sensitized
pediatric patients on CPB to limit the risk of antibody mediated rejection of their heart transplant.

Keywords

Therapeutic plasma exchange (TPE); cardiopulmonary bypass (CPB); heart transplant;
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rejection (AMR)

INTRODUCTION

The number of children currently awaiting heart transplantation is 438 nationally (as of
April 6, 2022) and rising.1 One of the most well-studied risk factors contributing to worse
post-operative outcomes after orthotopic heart transplant (OHT) in children, especially
with respect to early post-transplant mortality, is allosensitization.? Allosensitization is
generally defined as a panel reactive antibody (PRA) value of >10%.3 Prior studies have
shown that the risks of mortality and graft failure increase significantly when PRA exceeds
20%.2 The suspected physiological mechanism for allosensitization as a risk factor for
post-transplant mortality is an increased likelihood of circulating donor-specific, cytotoxic
anti-human leukocyte antigen (HLA) I and anti-HLA |1 antibodies in recipient serum,
which can bind to HLA molecules expressed on donor vascular endothelial cells. Formation
of antigen-antibody complexes in the graft’s vascular endothelium leads to inflammation,
platelet recruitment, microthrombosis, interstitial hemorrhage, and, in some cases, cardiac
allograft vasculopathy. 3

Ventricular-assist devices (VADS) are being increasingly used as a bridge to OHT in children
with heart failure.=® It has been well established in the adult literature that VAD use is a
risk factor for allosensitization.5-8 This has been attributed to the inflammatory response to
foreign mechanical elements, increased blood product exposure, and the risk of infection
associated with VAD implantation. The same trend is now being observed in children as the
pediatric VAD experience evolves.®-11

One retrospective study demonstrated an increased incidence of acute rejection in
allosensitized children with VAD support compared to sensitized peers who were not
exposed to VADs.11 High PRA, then, may not only occur with more frequency in the
VAD population, but may be of more clinical significance to those children requiring
mechanical circulatory support. In addition, children are more likely than adults to utilize
a pulsatile-flow VVAD, which, when compared to continuous-flow VVADs, portend a higher
likelihood of allosensitization.12
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In response to the increase in VAD use in our pre-transplant population, we sought to
establish an institutional protocol for intra-operative therapeutic plasma exchange (TPE)

to occur in tandem with cardiopulmonary bypass (CPB), with the goal of desensitizing
children with high PRA or a positive predicted crossmatch immediately preceding OHT.
The goal was to perform the procedure only after the recipient had been placed on CPB,

as this was when the patient was felt to be the most stable and able to tolerate the

volume shifts associated with TPE. Additionally, due to the risks associated with prolonged
bypass time, minimizing the duration of TPE was prioritized. This demanded a concerted,
multidisciplinary effort from stakeholders across several disciplines including therapeutic
apheresis (managed by transfusion medicine), transplant cardiology, cardiothoracic surgery,
perfusionists, and anesthesiology to ensure patient safety and to proactively anticipate
potential interventions to avoid adverse events.

Here, we describe the creation and successful implementation of a TPE protocol to
manage allosensitization in the operating room immediately preceding OHT in children
in conjunction with CPB.

MATERIALS AND METHODS

Study design

This single-center retrospective case series was approved by the Institutional Review Board
at Children’s National Hospital. A waiver of informed consent and parental permission was
obtained.

Identification of key stakeholders

In order to maximize patient safety and efficiency, input was obtained from members of
several key stakeholder groups. Cardiologists and transplant coordinators were included so
that the apheresis team could be notified of transplant opportunities in a timely fashion.
Cardiac surgeons needed to be aware of the plan to incorporate TPE into the CPB plan prior
to cannulation. Perfusionists and the apheresis team worked together to place the TPE and
CPB circuits in parallel. Cardiac anesthesiologists needed to be aware of the increased risks
of hypotension, hypocalcemia, and hypothermia adopted by adding TPE to the CPB circuit.
Roles and responsibilities were discussed. Adverse events were anticipated, tolerable limits
were discussed, and appropriate pre-emptive interventions were agreed upon.

Patient selection

Starting in 2017, patients were included if they had at least one of the following risk factors:
allosensitization at the time of their most recent PRA (defined as >10% PRA), a predicted
positive crossmatch, or personal history of VAD use. Due to the relatively rare incidence of
heart transplantation and the absence of equivalently sensitized patients, no control cohort
was established. Procedure times were compared to TPE performed post-operatively for
treatment of antibody-mediated rejection.
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Modifications to TPE settings

Our goals when designing our protocol were to maximize exchange efficiency and minimize
total procedure time without increasing adverse events. The ideal protocol would therefore
utilize the highest inlet flow rate tolerable during apheresis. The Optia® (Terumo BCT,
Lakewood, CO, USA) system is a centrifugal apheresis platform and is the standard device
for TPE at our institution. The Optia® software is pre-programmed with recommended
safety limits for citrate infusion rates to avoid toxicity. For our desensitization protocol to
run as fast as possible, we anticipated the need to bypass several pre-programmed limitations
of the Optia®.

In all procedures, 1.5 — 3 plasma volumes inclusive of the CPB circuit volume were
processed. As the team gained experience, the number of plasma volumes exchanged
decreased with subsequent patients which maximized efficiency. In order to achieve

the highest flow rates possible and minimize procedure duration, “albumin/saline” was
deliberately selected as the replacement fluid, even though plasma was exclusively used
(with the exception of patient 11, in which 500mL of 5% albumin was used initially

due to paucity of ABO compatible plasma due to shortages related to COVID-19). The
anticoagulation (AC) infusion rate was maximized at 2.5mL/min in all cases. The inlet rate
was maximized to 142mL/min as the AC infusion rate allowed. Initially, to facilitate order
placement, the CPB circuit volume estimate was standardized for all patients at 185mL.
Improved collaboration across multidisciplinary teams over time allowed for more specific
volume estimates of the CPB circuit, which allowed for more precise exchange planning.
Due to the presence of heparin in the CPB circuit, inlet: AC ratio was maintained at 50:1 in
all cases except in the event of fibrin accumulation in the TPE circuit. Activated clotting
time (ACT) was monitored frequently in all cases to ensure adequate anticoagulation.
Heparin sulfate was bolused as needed to maintain ACT >900 seconds. A separate blood
warmer for the Optia® was not necessary due to the configuration with the CPB circuit
which includes an oxygenator and warmer. A summary of the modifications described above
is provided in Table 1.

Extra-TPE modifications

The TPE circuit was connected to the CPB circuit in parallel. The inlet line was connected
directly to the venous (draw) line of the CPB circuit and the return line was connected

to the cardiotomy (Figure 1a and 1b). An additional waste bag was added to the standard
TPE setup due to the large volumes of waste plasma. For the same reason, a secondary
apheresis team member was required to be present in the OR to hang replacement fluids
during the exchange. Finally, patients were empirically treated with a continuous infusion of
calcium gluconate or calcium chloride, with additional boluses of calcium given as needed,
by anesthesia at the anesthesiologists’ discretion. Calcium was titrated to maintain ionized
calcium measurement greater than 0.8 mmol/L and to mitigate hypotension.
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RESULTS

Patient characteristics

To date, eleven children have been treated with this protocol at our institution. Of these,
seven (64%) had PRA evidence of allosensitization with PRA >10%. Two (18%) had a B-
cell incompatible but T-cell compatible crossmatch, both without evidence of donor specific
antibodies (DSA) at the time of transplant. One (9%) had a T-cell and B-cell incompatible
crossmatch along with weakly positive DSA. Three (27%) had evidence of DSA at the

time of transplant. Three patients had no positive PRA, DSA, or crossmatch, but did have

a history of transfusion while on VAD support which placed them at risk of developing
antibodies. Given potential risk of HLA sensitization in this population and the urgent nature
of cardiac transplant, TPE was performed empirically when a recent PRA was not available.

The most common cause of heart failure in our cohort was dilated cardiomyopathy (6/11 =
54%), followed by hypoplastic left heart syndrome (2/11= 18%). Nine patients (82%) were
supported with a VAD (8 LVADs, 1 BiVAD). Of these, four were bridged to VAD from
extracorporeal membranous oxygenation (ECMO). The duration of mechanical circulatory
support (MCS) ranged from 16 days to 10 months. Patient age ranged from four months to
15 years. A slight majority (64%) of the patients were female.

Patient outcomes

All eleven children treated with this protocol survived their cardiac transplant operation
(Table 2). Three (27%) patients died after transplant, all within 2 months of their operation.
Of these, one mortality was associated with antibody mediated rejection (AMR), which
occurred at one month post-transplant. The two remaining cases died of causes unrelated
to graft failure or rejection (pseudomonal sepsis and renal failure, respectively). Of the
eight surviving cases to date, one (12%) developed stable chronic rejection and one

(12%) developed positive DSA which resolved with treatment including additional TPE
procedures. The remainder are free of DSA.

In the first two performances of the modified protocol, the procedure lasted >70 minutes.
The remaining sessions ranged from 21 — 62 minutes in length. The average duration of
the exchange was 57 minutes. The median duration was 49 minutes. The average plasma
volumes processed per patient was 1.6. Notably, the expected duration of the procedure
when performed without the modifications described is 120 — 180 minutes.

Patient-centered complications

Hypocalcemia was the most commonly encountered procedural complication, occurring in
8/11 (73%) of patients. lonized calcium levels were obtained prior to the initiation of TPE
and approximately every 5 minutes throughout the duration of the TPE. The lowest ionized
calcium level observed was “undetectable”, the remainder of the values ranged from 0.23

to 0.6 mmol/L (institutional normal range: 1.12 — 1.37 mmol/L). Of note, the CPB protocol
used at our institution is intentionally hypocalcemic, so lower levels of ionized calcium were
tolerated. No adverse events were attributed to hypocalcemia. Intra-procedural hypotension
was recorded as a complication in 2/11 (18%) procedures. Hypotension was defined as
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per the American Heart Association for the Pediatric Advanced Life Support guidelines.3
Hypotension was treated with increasing vasoactive support in these cases and was well
tolerated. In all cases, ideal mean arterial pressure was maintained with vasoactive support in
conjunction with CPB.

Technical complications

In 2 patients (18%), a small amount of air was introduced into the TPE circuit during
manipulation of the CPB cannula, leading to pressure alarms. This was handled with a brief
pause in centrifugation to allow air to escape into the reservoir. No air reached the patients.
In two cases, fibrin was noted in the TPE reservoir, requiring the addition of anticoagulant
citrate dextrose-A (ACDA) to the local TPE circuit through adjustment of inlet:AC to 20:1.
No thromboembolic events occurred, and no fibrin deposition was noted in the CPB circuits.

DISCUSSION

The impact of allosensitization on overall patient survival and graft survival in pediatric
OHT is a subject of active research, with some studies describing an insignificant impact
and others noting increased mortality associated with high PRA 14:2, This discrepancy may
exist because the PRA is a nonspecific screening tool reflective of an entire population,

and therefore its value cannot be used to estimate any one child’s ability to tolerate an
individual graft. Data associated with positive donor-specific crossmatches (DSC) are more
compelling, as children with both a high PRA and positive DSC are at an increased risk

of post-transplant mortality compared to those with either a high PRA or positive DSC
alone.? Regardless of actual mortality-driven outcomes, children with higher PRAs are more
likely to receive augmented immunosuppression therapy, which may increase their risk of
immunosuppression-related morbidity.

It should be noted that PRA values can fluctuate during the pre-transplant course. The

most recent PRA at the time of transplant is of the most clinical significance, as opposed

to the peak PRA.3 Efforts to reduce allosensitization, then, will be most efficient when
implemented as close as possible to the time of transplant. Several desensitization regimens
prior to transplant have been described, including TPE, intravenous immunoglobulin
(IVIG), anti-B cell therapies (rituximab, cyclophosphamide), and the proteasome inhibitor
bortezomib.12:15 However, the timing of OHT can never be precisely predicted, as a
potential donor may become available at any time, which makes the ideal timing of these
interventions a clinical challenge.

TPE performed in the operating room at the time of OHT has been described as early

as 1999 for desensitization in adults and is used with the goal of reducing the incidence

of hyperacute rejection in patients with a high PRA 15-16, The benefits of intra-operative
TPE are the ideal timing with respect to transplant due to the immediacy of effect and
short duration of procedure. Potential complications of TPE include hypotension and
hypocalcemia during the procedure, and increased risk of thrombosis. For patients awaiting
OHT who are bridged with a VAD, TPE outside of the OR can be technically challenging
as VADs rely on adequate preload to prevent dangerous suction events. Fluid shifts due to
TPE can cause acute drops in VAD filling and cardiac output, as well as life-threatening
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arrhythmias. Thus, the advantage of conducting TPE in the operating room is that patients
have already been stabilized on CPB, which can augment cardiac output and reduce adverse
events associated with hypotension.

We created and implemented an institutional protocol for desensitization with TPE in
allosensitized children for use in the operating room immediately preceding OHT. Through
the concerted effort of multidisciplinary stakeholders, this protocol was designed to
maximize efficiency, minimize run time, and be hemodynamically tolerated across a wide
range of patient characteristics, including VAD patients. We found that TPE performed in
this manner did not significantly extend CPB time beyond clinically tolerable limits and did
not precipitate adverse events. We conclude that this protocol can be safely performed in
that select group of patients placed at high risk for allosensitization due to personal history
of VAD use, positive PRA, or positive DSC. Despite hemodynamic shifts due to rapid
TPE, all of our patients tolerated the procedure well. We attribute this success to both the
simultaneous use of CPB for hemodynamic support and the deliberate preparation of the
multidisciplinary team. Notably, this protocol was also well tolerated across pediatric age
groups in patients ranging from infancy to adolescence.

Institutional experience

As our team became more familiar with the protocol, run times tended to become

shorter. In all eleven patients the procedure was completed without the need to abort

due to complications. Again, we attribute this to a combination of CPB efficacy and the
anticipatory training of the multidisciplinary teams involved. By anticipating the need for an
additional apheresis team member to hang replacement fluid, an additional waste bag, and
modified AC parameters in the setting of CPB, we were able to avoid unnecessary pauses

in TPE. Multidisciplinary agreement on greater tolerance of hypocalcemia in the setting of
CPB was also helpful.

Despite a high rate of sensitization in our patient population (64%), there was a low rate
of AMR observed post-transplant (18%). One patient succumbed to acute AMR at one
month post-transplant, representing the only mortality associated with graft failure in our
cohort. One patient is currently tolerating stable, chronic, antibody mediated rejection as
an outpatient at three years post-transplant. Though there is paucity of evidence to suggest
a strong linear relationship between sensitization and AMR in pediatric OHT recipients,
there is sufficient equipoise to support desensitization of patients with high-PRAs, especially
those with a history of VAD support. This is especially reasonable when the potential
benefits outweigh the clinical risks. Here, we have demonstrated that modified rapid TPE
with CPB support can be used safely and in optimal temporal proximity to OHT without
increasing bypass time or perioperative adverse events.

We found that while the Optia® could achieve the increased flow rates desired, this was only
achievable by deliberately manipulating settings on the instrument. These modifications
necessarily increase the technical complexity of the procedure and required dedicated
training and multidisciplinary support. The success of this protocol relied heavily on the
collaborative engagement of the apheresis, perfusion, anesthesiology, surgery, cardiology,
and transplant coordination teams.
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The standard TPE protocol can be modified to safely achieve rapid plasma exchange in
children with risk factors for allosensitization prior to OHT when used in conjunction with
CPB in the operating room. Expected hypocalcemia and hypotension events during TPE
were well tolerated in the setting of CPB. The success of these modifications relies on

the engagement and commitment of a multidisciplinary care team, as well as institutional
support for increased training and staffing. Our protocol represents a new institutional
standard of care for a subset of patients receiving a heart transplant following mechanical
circulatory support or allosensitization.
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therapeutic plasma exchange
orthotopic heart transplant
human leukocyte antigen
panel reactive antibodies
donor-specific antibodies
cardiopulmonary bypass
activated clotting time
anticoagulant citrate dextrose-A
cardiac allograft vasculopathy
ventricular assist device

left ventricular assist device
biventricular assist device

extracorporeal membranous oxygenation
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MCS mechanical circulatory support
HLHS hypoplastic left heart syndrome
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Practitioner Points

1 A cohort of children awaiting heart transplant with personal use of ventricular
assist device (VAD) may be at high risk of HLA allosensitization.

2. Therapeutic plasma exchange (TPE), which is technically challenging in
patients with VADs, can be performed safely once a patient has transitioned to
a cardiopulmonary bypass (CPB) circuit in the operating room.

3. In order to minimize total bypass time when TPE is performed in the
operating room, rapid TPE can be safely achieved and well tolerated with
certain modifications described herein.
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Figure 1A:
Connection of therapeutic plasma exchange (TPE) inlet/return lines to cardiopulmonary

bypass (CPB). A. Apheresis return line connected to cardiotomy; B. CPB venous (draw)
line; C. Apheresis inlet line connected to venous line; D. Cardiotomy.
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TPE CPB Patient

C B

Figure 1B:
Schematic representation of the connection of therapeutic plasma exchange (TPE) inlet/

return lines to cardiopulmonary bypass (CPB). A. Apheresis return line connected to
cardiotomy; B. CPB venous (draw) line; C. Apheresis inlet line connected to venous line; D.
Cardiotomy.
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