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Abstract

Background Due to the distinctive nature of cardiac surgery, patients suffering from hereditary spherocytosis (HS)
are potentially at a high risk of perioperative complications resulting from hemolysis. Despite being the most preva-
lent cause of hereditary chronic hemolysis, the standards of surgical management are based solely on expert opinion.

Objective We analyze the risk of hemolysis in HS patients after cardiac surgery based on a systematic review
of the literature. We also describe a case of a patient with hereditary spherocytosis who underwent aortic valve repair.

Methods This systematic review was registered in the PROSPERO international prospective register of systematic
reviews (CRD42023417666) and included records from Embase, MEDLINE, Web of Science, and Google Scholar
databases. The case study investigates a 38-year-old patient who underwent surgery for an aortic valve defect

in mid-2022.

Results Of the 787 search results, 21 studies describing 23 cases of HS undergoing cardiac surgery were included

in the final analysis. Hemolysis was diagnosed in five patients (one coronary artery bypass graft surgery, two aortic
valve bioprosthesis, one ventricular septal defect closure, and one mitral valve plasty). None of the patients died

in the perioperative period. Also, no significant clinical hemolysis was observed in our patient during the periopera-
tive period.

Conclusions The literature data show that hemolysis is not common in patients with HS undergoing various cardiac
surgery techniques. The typical management of a patient with mild/moderate HS does not appear to increase the risk
of significant clinical hemolysis. Commonly accepted beliefs about factors inducing hemolysis during cardiac surgery
may not be fully justified and require further investigation.

Keywords Hereditary spherocytosis, Hemolysis, Cardiac surgery, Cardiothoracic surgery, CPB

*Correspondence:

Konrad Mendrala

kmendrala@sum.edu.pl

Full list of author information is available at the end of the article

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13741-024-00411-w&domain=pdf

Mendrala et al. Perioperative Medicine (2024) 13:54

Background

Hereditary spherocytosis (HS) is an inherited genetic
disease causing the formation of fragile red blood cells
with an abnormal morphology. Defects in essential
erythrocyte membrane proteins, such as ankyrin, band
3, or spectrin, are responsible for the loss of structural
integrity. This alters their typically biconcave form,
which can result in the weakening of the cell structure,
rendering them more susceptible to mechanical dam-
age. HS affects around 1 in every 2000 people in the
United States and Europe (Perrotta et al. 2008). Indi-
viduals with this condition may have a different clini-
cal presentation, but their life expectancy is the same as
the general population. Its manifestations include sub-
clinical, mild hemolytic anemia, and severe hemolytic
breakthroughs.

Despite being the most prevalent cause of hereditary
chronic hemolysis, the existing literature only provides
single cases of hereditary spherocytosis in patients under-
going cardiac surgery. Because the disease is uncommon,
guidelines for patient management in perioperative care
are based on expert opinion, single reports from cardiac
surgery, and experience from noncardiac procedures. The
pathophysiology of hemolysis in HS is multifactorial and
involves several mechanisms. In addition to susceptibility
to mechanical stress, factors predisposing to red blood cells
(RBC) damage may involve perioperative care, pharmaco-
therapy, and technical aspects of the surgical procedure.
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We analyze the risk of hemolysis in HS patients after car-
diac surgery based on a systematic review of the literature.
We also describe a rare case of a patient with hereditary
spherocytosis who underwent aortic valve repair.

Methods

Study design and participants

This systematic review was registered in the PROS-
PERO international prospective register of systematic
reviews (CRD42023417666). The search included only
articles in English with no time limit, up until 30 June
2023. For the analysis of the search results, the web app
Rayyan.ai was used (Ouzzani et al. 2016). The results
were independently assessed for their relevance by two
authors (K. M. and T. D.) according to the predefined
criteria: only articles including HS patients undergo-
ing cardiac surgery. Reviews, animal studies, and con-
ference abstracts were not analyzed. In addition, the
references of the included studies were searched man-
ually to find any additional studies. Any disagreements
were resolved by team discussion. Two review authors
(K. M. and T. Cz.) independently extracted data for
each included study. PRISMA flowchart is presented
in Fig. 1.

Information sources and search methods
With the help of a professional librarian, we searched
Embase, MEDLLINE, Web of Science, and Google Scholar
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Fig. 1 PRISMA flow diagram
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databases using the following MeSH and keywords:
“Spherocytosis, Hereditary” [Mesh], “Thoracic Surgery”
[Mesh], “Cardiac Surgical Procedures” [Mesh], “Extracor-
poreal Circulation’, Hereditary Spherocytosis, Surgery,
Operation, Procedure, Cardiac, Heart, Myocardial, Cardio-
myoplasty, Pericardial, Pericardiectomy, Coronary, Arterial,
Bypass, Angioplasty, Revascularization, Valve, Mitral, Tri-
cuspid, Aortic, Transplant, Transplantation, Cardiopulmo-
nary bypass, and Heart-lung.

Synthesis of results

The main outcome we studied was hemolysis during
cardiac surgery in HS patients. Details about type of
surgery, technical details of cardiopulmonary bypass
(CPB), blood transfusions, and perioperative complica-
tions were also recorded. The quality of the publications
included in the systematic review was assessed using the
tool introduced by Murad et al. and presented in Table 1
(Murad et al. 2018).
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Results

Of the 787 search results, 21 studies describing 23
cases of HS undergoing cardiac surgery were included
in the final analysis. The articles reported on patients
between 6 weeks and 69 years of age. Four patients
underwent CABG surgery (including one OPCAB),
seven patients had valve replacement, five valve plasty,
in eight patients ASD/VSD was closed, one patient had
HVAD implantation, and one heart transplant. Hemol-
ysis was reported in five patients (21.7%): one CABG,
two AVR bioprosthesis, one VSD, and one MVpl. No
patient with a mechanical valve was diagnosed with
hemolysis. Hemolysis on roller pump (including occlu-
sive pump) and bubble oxygenator was not reported.
Hypothermia was implemented in 10 patients, and 3
of these patients with temperature 28, 32, and 34.8 °C
were diagnosed with hemolysis. None of the patients
died in the perioperative period. Details of the type
of surgery and technical aspects are given in Table 2.

Table 1 Quality assessment of included case reports and case series (Aykac et al. 1994; Dal and Kumar 1995; Huenges et al. 2018; Johnson
etal. 2010; Khatri et al. 2010; Menon et al. 2021; Moyes et al. 1974; Spegar et al. 2015; Stevens et al. 2021; Walther et al. 2005)

Author Selection Ascertainment Causality Reporting

1 2 3 4 5 6 7 8
1 Moyes (Moyes et al. 1971) ° . J O n/a n/a ° .
2 Moyes (Moyes et al. 1974) i . o M n/a n/a © .
3 delLeval (deLeval 1974) © O O O n/a n/a ° ©
4 Chun (Chun et al. 1983) 4 . ° © n/a n/a © °
5 Gayyed (Gayyed et al. 1993) O . o © n/a n/a ° .
6 Gayyed (Gayyed et al. 1993) e e e M n/a n/a © °
7 Gayyed (Gayyed et al. 1993) O © ° ° n/a n/a © °
8 Aykac (Aykag et al. 1994) ° . © © n/a n/a © °
9 Kawahira (Kawahira et al. 1994) o . Q © n/a n/a ° .
10 Dal (Dal and Kumar 1995) i o o ° n/a n/a © .
11 Yamagishi (Yamagishi et al. 1998) . o ¢ ¢ n/a n/a ¢ .
12 Aoyagi (Aoyagi et al. 2001) . . ° M n/a n/a © M
13 Walther (Walther et al. 2005) O O O o n/a n/a © ©
14 Yoshimura (Yoshimura et al. 2006) e . ° . n/a n/a © .
15 Johnson (Johnson et al. 2010) O . S O n/a n/a O °
16 Khatri (Khatri et al. 2010) ° ° © ° n/a n/a © °
17 Imantalab (Imantalab et al. 2011) O . o © n/a n/a ° .
18 Spegar (Spegar et al. 2015) ° . ° M n/a n/a © .
19 Hargrave (Hargrave et al. 2016) O . ¢ © n/a n/a © .
20 Matsuzaki (Matsuzaki et al. 2016) 4 . ° ° n/a n/a © °
21 Huenges (Huenges et al. 2018) O © J o n/a n/a © °
22 Menon (Menon et al. 2021) e . ° e n/a n/a © .
23 Stevens (Stevens et al. 2021) o o o O n/a n/a © ¢

" Does the patient(s) represent(s) the whole experience of the investigator (center), or is the selection method unclear to the extent that other patients with similar
presentation may not have been reported? ?Was the exposure adequately ascertained? 3Was the outcome adequately ascertained? *Were other alternative causes
that may explain the observation ruled out? Was there a challenge/rechallenge phenomenon? ®Was there a dose-response effect? "Was follow-up long enough for
outcomes to occur? 8ls the case(s) described with sufficient details to allow other investigators to replicate the research or to allow practitioners make inferences

related to their own practice?e Yes.e No.e Not specified
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Laboratory results of the analyzed population are
shown in Table 3.

Case study

A 38-year-old patient was admitted to the Department
of Cardiac Surgery, Upper-Silesian Medical Centre in
Katowice, Poland, in mid-2022 for aortic valve sur-
gery. His medical history included HS, splenectomy
(2012), gallbladder stones, diabetes mellitus, history
of Covid-19, and several previous hospitalizations for
infections. The calculated EuroSCORE was 1.08%. The
transthoracic echocardiography left ventricular ejec-
tion fraction was 50%, and the aortic valve was bicus-
pid with severe regurgitation. No other valvular defects
or ascending aorta dilatation were noted. Preoperative
laboratory tests showed no significant abnormalities
with reticulocytes count 1.6%.

After preparation, the surgery was performed. Intra-
operatively, a bicuspid valve type 1 with a 30-mm
aortic annulus was visualized. Annuloplasty was per-
formed with a GORE-TEX Suture narrowing the ring
to 23 mm, then raphe was decalcified, and the right
to left cleft was closed, resulting in equal leaflets and
a coaptation of 9 mm. Total cardiopulmonary bypass
time was 38 min, with 33 min of aortic cross-clamp-
ing. During the surgery, Sorin Biopump, Euroset
drains (aortic cannula 22 mm, common venous can-
nula 32 mm), Inspire oxygenator, and cold Del Nido
cardioplegia were used. Standardized cardiac output
calculated to body surface area was maintained intra-
operatively, and norepinephrine infusion was adminis-
tered with a maximum dose of 0.015 pg/kg/min. The
lowest core temperature recorded was 35.5 °C. The
lowest hemoglobin value was 11.2 g/I, hematocrit 33%,
and the maximum lactate concentration 1.5 mmol/l.
No blood or blood products were transfused. Total
intraoperative diuresis was 200 ml of clear urine. Fol-
low-up transesophageal echocardiography showed a
trivial jet of aortic regurgitation with no hemodynamic
significance.

The postoperative course was negligible; he was dis-
charged home on day 6. During 3 days in the intensive
care unit (ICU), total drainage was 660 ml (maintained
32 h), total diuresis stimulated by a single dose of diu-
retic was 4850 ml, and 2880 ml of crystalloids was
administered. No blood or blood components were
given. The patient was hemodynamically stable with
a total norepinephrine infusion time of 16 h and a
maximum dose of 0.15 pg/kg/min. No clinical or bio-
chemical features of hemolysis were observed. Labora-
tory results are shown in Table 4. Written consent was
obtained from the patient to describe the case.
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Discussion

Patients suffering from HS are potentially at the high
risk of perioperative complications as a result of hemoly-
sis. There are currently two approaches to patient treat-
ment: strict control of hemolysis triggers, intending to
lower the risk of hemolytic breakthrough, and a liberal
approach, with no deviation from the standard of care
for patients undergoing cardiac surgery. There is still no
study comparing these different strategies, and evaluat-
ing these approaches is further hindered by the disorder’s
rarity and the variety of HS symptoms among patients. In
our systematic review of the literature, the incidence of
hemolysis among patients with congenital spherocytosis
was 21.7% and did not seem to be affected by the techni-
cal aspects of the procedure. Similarly, the presented case
indicates that the standard approach to cardiac surgical
techniques and perioperative care did not increase the
risk of early complications in patient with mild/moder-
ate HS. Nevertheless, managing the HS patient requires
knowledge of the disease and potential risk factors for
hemolysis.

When red blood cells are destroyed, the hemoglobin
is released into the bloodstream. This can lead to sev-
eral different outcomes. Free hemoglobin binds to hap-
toglobin, a protein that limits hemoglobin loss through
the urine and facilitates hemoglobin uptake in the reticu-
loendothelial system. The breakdown of hemoglobin in
the reticuloendothelial system releases the heme moiety,
which is then converted into biliverdin and bilirubin. The
accumulation of bilirubin can result in hyperbilirubine-
mia and jaundice. Moreover, if the hemolysis rate is high,
the haptoglobin may be depleted, and free hemoglobin
can accumulate in the bloodstream, resulting in severe
cellular and organ damage.

The heme moiety is a potent source of reactive oxygen
species, which can cause cellular damage and inflamma-
tion. Direct effects of free hemoglobin include injury to
organs and vascular endothelium, which can result in
endothelial dysfunction and impair the proper microvas-
cular function. Furthermore, free hemoglobin limits NO
bioavailability, thereby contributing to vasoconstriction
and impaired organ blood flow (Reiter et al. 2002). These
possible effects can be particularly pronounced in people
with preexisting cardiovascular diseases such as hyper-
tension, atherosclerosis, or heart failure.

Besides cardiovascular impact, increased free hemo-
globin in the bloodstream can cause organ damage.
The kidneys are highly susceptible, while they filter and
excrete excess hemoglobin. The accumulation of heme-
containing proteins in the kidneys causes direct cytotox-
icity, intrarenal vasoconstriction, and intratubular cast
formation, which can cause acute kidney injury or exac-
erbate chronic kidney disease (Khalighi et al. 2015).
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Table 4 Results of the patient’s preoperative and postoperative laboratory tests

Before surgery Day 0 Day 1 Day 2 Day 3
Hemoglobin g/dl 174 13.2 12.0 11.2 114
Hematocrit % 50.1 36.0 335 319 313
Platelets G/ul 437 236 278 243 288
Creatinine mg/dl - - 0.60 0.64 0.61
uACR mg/g - - 55 <30 <30
ALT u/ 36 - 20 16 20
AST U/l 27 - 36 55 25
ALP U/l - - - 54 58
GGTP u/ - - 6.3 77 9.2
LDH U/l - - 247 - 250
BR total mg/dl 1.0 - 1.2 1.1 0.5
BR direct mg/dl - - 0.58 0.3 0.22
BRindirect mag/dl - - 0.58 0.28 0.13
hsTn ng/ml - - 0.148 - -
pfHb mg/d| - 89 86 9.6 -

ALP alkaline phosphatase, ALT alanine aminotransferase, AST aspartate aminotransferase, BR bilirubin, pfHb free hemoglobin, GGTP gamma-glutamyl transferase, hsTn
high sensitivity troponin, LDH lactate dehydrogenase, uACR urine albumin/creatinine ratio

Red blood cells elongate under strong external forces
without rupturing and tend to return to their previous
shape after the force ceases, unless they have a struc-
tural defect as in the HS. During surgery, it is crucial to
remember that preventing hemolysis requires the collab-
orative efforts of the surgeon, perfusionist, anesthesiolo-
gist, and the nursing staff. To ensure good understanding
of this issue, it is important to highlight several aspects of
perioperative care.

Cardiopulmonary bypass

The pump

Of the different types of cardiac surgery, the most com-
mon are those involving CPB, which, due to their con-
struction, are potentially the main source of hemolysis.
Red blood cells are irreversibly damaged during CPB,
but hemolysis is usually minimal in patients without RBC
disorders when CPB is properly managed (Vercaemst
2008). However, data from one study indicate that up to
15% of the RBC subjected to the extracorporeal circula-
tion may be irreversibly damaged, and removed dur-
ing the 24-h period (Valeri et al. 2006). When blood is
pumped through the external circuit, it is exposed to
physical and mechanical stress. The main component of
the extracorporeal circulation system is the pump which
design and mechanism of action depend on the manufac-
turer. Currently, there are two main types: nonocclusive
roller pumps and centrifugal pumps. Old-generation CPB
with occlusive rollers could potentially induce hemoly-
sis, although an in vitro experiment showed no signifi-
cant hemolysis in the blood of a HS patient during an

occlusive CBP pump (Moyes et al. 1971). The modern
CPB with both roller and centrifugal do not differ in
hemolysis in healthy population (Saczkowski et al. 2012).
The most recent meta-analysis showed higher pfHb con-
centrations with the use of roller pumps; however, there
were significant heterogeneity and inconsistency — the
authors conclude that centrifugal pump may be superior
to roller pump in terms of pfHb levels but only when the
duration of CPB exceeds 90 min (Bhirowo et al. 2023).
During extracorporeal circulation in some types of roller
pumps, the perfusionist can impose laminar or pulsatile
flow. Pulsatile flow can potentially generate a higher cir-
culatory pressure gradient and, thus, higher shear forces
than non-pulsatile flow. It has been suggested that using
pulsatile flow leads to increased concentration of free
hemoglobin and blood cells depletion. However, experi-
mental study suggest that pulsatile perfusion has no
significant difference from non-pulsatile perfusion in
terms of hemolysis and deformability of RBCs (Kang
et al. 2010). Conclusions from a recent meta-analysis are
similar — pulsatile flow may potentially increase the inci-
dence of hemolysis, but the literature data are inconsist-
ent (Bhirowo et al. 2023).

The cannulas and oxygenator

In a cannula, the shear stress depends on the radius,
length, and the pressure gradient across the cannula or
oxygenator. Most oxygenators’ shear stress levels are sub-
stantially below hemolysis or even sublethal RBC damage
thresholds (De Somer et al. 1996). Also, meta-analysis
by Bhirowo et al. did not found significant differences
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between two most common types of oxygenators —
membrane and hollow-fiber membrane oxygenator (Bhi-
rowo et al. 2023).

As blood flows at high speed through a small can-
nula, shear stresses act on red blood cells, resulting in
a change in their shape. In addition, small cannulas can
cause turbulence in blood flow contributing to hemoly-
sis. Wider cannulas are associated with less erythrocyte
injury. Compared to curved tips, hydrophobic cannulas
with straight tips result in less turbulent flow and poten-
tially (not certain) less hemolysis. A pressure gradient
below 100 mmHg is considered safe (Burt et al. 2015).
Using biocompatible materials and maintaining appro-
priate anticoagulation can prevent blood clots’ formation
and reduce the risk of turbulent flow. Heparin-coated
polyvinyl chloride PVC tubing can cause some hemoly-
sis when compared to other materials, but it is attributed
to the ex vivo cytotoxicity of the material components,
which can occur during prolonged blood contact in the
tube during laboratory tests, rather than hemolysis dur-
ing clinical use. The degree of hemolysis is relatively low
(about 1%); hence, the material cannot be considered
hemolytic (Harmand and Briquet 1999).

Priming

Priming is often debated regarding hemodilution and
thus hemolysis. While numerous publications highlight
the possible decrease in hemoglobin concentration and
thus potential reduction in global oxygen delivery (DO2)
during massive transfusions of crystalloids and colloids,
the essence of the problem of hemodilution anemia is
the decrease in Hb concentration rather than the abso-
lute value. Potentially, a decrease in the concentration of
other plasma constituents including proteins and electro-
lytes can induce abnormal oncotic pressure resulting in
hemolysis. An in vitro study found that hemodilution of
RBCs with a large volume of phosphate-buffered saline
(PBS) considerably increases RBC shear stress suscep-
tibility when compared to RBCs diluted with plasma.
Plasma’s protective effects can be attributed to the fact
that albumin and other negatively charged plasma pro-
teins bind to the surface of cells, drawing sodium ions
within. This osmotically active layer may prevent RBCs
from absorbing an excessive amount of water (Butler
et al. 1992; Sargent et al. 2021). Sometimes, retrograde
autologous priming is suggested to minimize the use of
crystalloids.

Air-blood boundary and suction

There is a widespread belief that contact between blood
and air in the venous reservoir, oxygenator, left ven-
tricle venting, and suction can cause hemolysis during
CPB. This belief may only be partially true. In an in vitro
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model, it has been shown that hemolysis is induced not
by simple exposure to air alone but by a combination
of air exposure and negative pressure. The amount of
hemolysis is directly related to the vacuum applied at the
air-blood interface (Pohlmann et al. 2009).

This could be explained by the phenomena of cavita-
tion, which is the rapid phase transition from the liquid
phase to the gas phase at reduced pressure. The phe-
nomenon is unstable, with gas bubbles constantly form-
ing, collapsing, and reforming. The violent implosion of
a bubble creates a sudden impact on the surrounding
liquid, resulting in a strong local impulse pressure wave
that strikes every boundary it encounters. When the bub-
ble and its collapse are asymmetrical, a very high veloc-
ity (up to 300 m/s) liquid microburst is formed, which
causes damage when it strikes the cellular membrane
(Wielogorski et al. 1975). Also, surface tension of air bub-
bles can cause red blood cells to rupture as they move
through narrow blood capillaries (Bento et al. 2018).

Nonetheless, producers develop various CPB circuits
to minimize blood-air contact. Using closed-circuit CPB
(such as the Jostra MECC System) may potentially mini-
mize hemolysis, activation of the coagulation cascade,
and inflammatory response because of the absence of a
venous reservoir and thus minimal blood-air contact.
Also, the system’s small volume decreases the risk of
hemodilution. However, because it lacks a venous reser-
voir, its application seems to be restricted to low-bleed-
ing risk procedures (Fromes 2002).

Cardiotomy suction is one of the main causes of
hemolysis, also contributing to the systemic inflamma-
tory response by activating leukocytes, platelets, and
the complement system (Skrabal et al. 2006). Hemoly-
sis appears to be insignificant during roller pump assist
cardiotomy suction (RPA), but system occlusion causes
a considerable increase in fHb. The critical pressure for
blood morphotic element damage ranges from—120
to—600 mmHg. When the suction tip is obstructed, the
inlet pressure can exceed —600 mmHg, resulting in cavi-
tation, turbulent flow, and significant shear stress (Jahren
et al. 2021; Vercaemst 2008).

There are several solutions to the suction occlusion
issues. SmartSuction system consists of an optical sensor
on the tip that sucks blood only when the sensor detects
blood, minimizing the mixing of blood and air. The
SmartSuction operates between—20 and—150 mmHg,
depending on the blood-air ratio of the suction cannula,
and produces a suction flow of 0.5-4.0 1/min. This device
has demonstrated less hemolysis, although literature data
is not consistent (Jegger et al. 2007; Michinaga et al. 2019;
Stalder et al. 2007).

Potentially, suction exposes blood to air during passage
through the drain and can greatly accelerate hemolysis
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due to the differing viscosities of blood and air. It has
been demonstrated that developing new suction meth-
ods, including those that are fluid-driven using the Venturi
effect, can lower the degree of hemolysis by limiting the
contact area between blood and air (Arensdorf et al. 2018).

Also, most commonly used CPB systems have the car-
diotomy reservoir integrated with the venous reservoir,
and the filtered blood (20—40 um) is mixed with the
venous blood. There are so-called two-headed (Dihead)
CPB circuit systems in which it is possible to separate the
two reservoirs, making it possible to flush the extracted
blood and transfuse it to the patient. Spherocytes appear
to be resistant to the process of washing and centrifuga-
tion with the use of red blood cell washing devices (such
as CellSaver). This results in a reduction of reinfused fHb
(Pierangeli et al. 2001).

Cardioplegic solution

Cold cardioplegia can induce hemolysis, while RBC
membranes become more rigid in cold temperatures,
limiting the cell’s capacity to adapt and pass through nar-
row blood capillaries. RBCs are also more vulnerable to
mechanical and shear stress, while cold temperatures can
alter the membrane and cytoskeleton of RBCs (Takahashi
et al. 1986). Aside from these physical changes, exposure
to low temperatures can activate the immune system,
damaging morphotic elements of the blood (Swiecicki
et al. 2013). When administering normothermic cardio-
plegia, larger volumes and more frequent applications
may be required to achieve and maintain the desired
effect. Larger volumes may increase the risk of local
hemodilution. In the literature analysis, the use of cold
cardioplegia was described in six patients; one patient
was diagnosed with hemolysis (Imantalab et al. 2011). In
other cases, the temperature of the cardioplegia solution
was not specified. Given the fact that the most commonly
used solution in clinical practice is cold cardioplegia,
there is a possibility that this type of cardioplegia was
also used in other cases, and thus, it should be analyzed
with caution.

Ultrafiltration

Hemoadsorption (HA) of cytokines using special filters
such as CytoSorb has the potential to reduce inflamma-
tory responses and improve patient outcomes. Cyto-
Sorb is used in cardiac surgery, but literature data have
not shown a significant reduction in pro-inflamma-
tory cytokine concentrations during CPB while using
CytoSorb. Only longer-lasting concentrations of the
anti-inflammatory IL-10 have been observed, with no
clinically significant effect on the course of treatment
(Bernardi et al. 2019; Holmén et al. 2022; Taleska Stu-
pica et al. 2020). CytoSorb can potentially bind free
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hemoglobin, but there was no significant decrease in
free hemoglobin in patients treated with hemadsorption.
A decrease in haptoglobin levels on the first postopera-
tive day in patients who did not receive hemadsorption
was shown, which may indirectly indicate some adsorb-
ing effect on free hemoglobin (Bernardi et al. 2016). Also,
ultrafiltration reduces hemodilution. In the systematic
review, the use of renal replacement therapy (RRT) has
been described in four patients, only one with hemolysis
(Imantalab et al. 2011).

Surgical management

Procedure time

A study of 22 patients undergoing CABG showed that
more than one-quarter of total hemolysis occurs in the
first 5 min of extracorporeal circulation (Vieira Jun-
ior et al. 2012). Also, in a study by Passaroni et al., there
was a significant within-group difference in haptoglobin
concentration between the pre- and post-CPB periods
in different pump types, which suggest that the duration
of CPB may an important factor of hemolysis (Passaroni
et al. 2018). There is no clear data in the literature to indi-
cate that prolonged surgery time or CPB time affects the
degree of hemolysis, and a threshold time after which
the risk is higher has not been established. An experi-
mental study on the extracorporeal membrane oxygena-
tion (ECMO) system showed that the increase in pfHb
became significant at 240 min but only with circulating
heparinized blood. Regardless of ECMO flow, pfHb was
not observed in citrated blood over time. Interestingly,
an ex vitro study showed that the degree of hemoly-
sis was higher in male blood donors (Chan et al. 2021).
Organ damage, particularly acute kidney injury, observed
in clinical practice during prolonged procedures can be
caused by various of causes, including but not limited to
pfHb.

Bioprosthesis vs mechanical prosthesis

Cardiac prosthesis-related hemolytic anemia (CPHA) is
still a subject of research. An older generation mechani-
cal prosthesis has a potentially higher risk of subclini-
cal intravascular hemolysis, which may have been more
than 50% in St. Jude Medical (SJM) bileaflet design valves
implanted in the late 1980s and early 1990s (Skoulari-
gis et al. 1993). Among the new valves, the incidence of
mild subclinical hemolysis has decreased significantly
but may still be 26% in patients with mechanical pros-
theses (CarboMedics, Sorin Bicarbon) and 5% with bio-
prostheses (St. Jude Medical Toronto, Baxter Perimount,
and Medtronic Mosaic). Also, the position of implanta-
tion may be important — mitral valve replacement ver-
sus aortic valve replacement were correlated with the
presence of hemolysis (Mecozzi et al. 2002). It is widely
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believed that paravalvular leak (PVL) is a predisposing
factor for hemolysis. However, it should be noted that
PVL is relatively common and occurs in approximately
6% of patients with aortic valve prosthesis and 32% of
patients with mitral valve prosthesis at the time of dis-
charge after surgery. Although lactate dehydrogenase
concentration was higher in patients with parapros-
thetic jets than in those without, hemoglobin and hapto-
globin concentrations were not different which suggests
clinically insignificant hemolysis (Ionescu 2003). Also,
subclinical hemolysis after On-X aortic valve mechani-
cal prothesis occurs in 14.3%, but the proposed mecha-
nism involves rather patient-prosthesis mismatch, rather
than the degree of PVL, reaching 33.3% for the smallest
protheses (Perek et al. 2017). In our literature analysis,
mechanical valves were implanted in three patients; none
was diagnosed with hemolysis (Chun et al. 1983; deLeval
1974; Yamagishi et al. 1998).

Valve repair

Hemolytic anemia is not common after valve repair. In
general population of 1095 patients who required reop-
eration after mitral valve repair, only 10 was reoperated
for hemolytic anemia reason (Cerfolio 1997). Similar to
artificial valve hemolysis, mechanisms may include jet
collision with the prosthetic ring, jet fragmentation by a
dehisced annuloplasty ring, and jet acceleration through
a para-ring channel (Ward et al. 2000). In the systematic
review, two of five patients undergoing valvular repair
were diagnosed with hemolysis (Gayyed et al. 1993; Har-
grave et al. 2016).

Preemptive splenectomy

Considering the risks outweighing the potential ben-
efits, current guidelines recommend splenectomy only
in patients with severe HS (Hb<8 g/dl, reticulocyte
count >10%, and bilirubin >51 pmol/l) and only for those
over 6 years of age. Additional indications for splenec-
tomy in intermediate categories are factors affecting qual-
ity of life such as symptomatic/painful splenomegaly with
thrombocytopenia or leukopenia (Iolascon et al. 2017).
In the general population undergoing splenectomy, an
increased risk of overwhelming post-splenectomy infec-
tions (OPSI) and more than fivefold higher incidence of
stroke, myocardial infarction, and coronary or carotid
artery surgery were observed (Schilling 1997). Ten of 23
patients analyzed in the systematic review underwent
splenectomy prior cardiac surgery.

Laboratory tests
Among the numerous biochemical tests, the classic
diagnosis of hemolysis is based on the assessment of
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reticulocytosis, elevated lactate dehydrogenase, elevated
unconjugated bilirubin, decreased haptoglobin, and
hemoglobinuria. However, it is important to remember
that LDH is an intracellular enzyme and a nonspecific
marker, as it can be elevated in many situations, includ-
ing myocardial infarction, liver dysfunction, hemolysis,
myopathies, and other (Herman et al. 2019). Plasma-
free hemoglobin (pfHb) is a direct marker of hemolysis,
but its quantification is not always available. Recently,
Shin et al. proposed a device for point-of-care testing of
plasma-free hemoglobin and hematocrit for mechanical
circulatory support using colorimetry (Shin et al. 2021).

Treatment

Blood product transfusions to compensate for oxygen
carrier loss, administration of vasoactive drugs, or end-
organ damage protection are crucial for patients with
intravascular hemolysis. Patients with heart failure and
coronary disease may not tolerate anemia due to their
reduced ability to improve cardiac output. This leads to a
decrease in DO2 and organ hypoxia, which in the case of
the heart cannot be fully compensated by increased oxy-
gen extraction, leading further to myocardial ischemia.
Therefore, the recommended hemoglobin transfusion
threshold is 7 g/dl for stable critically ill patients (includ-
ing patients with moderate ischemic heart disease), with
a target value of 7-9 g/dl. In patients with acute coronary
syndrome, higher threshold values of 8.5-9.5 g/dl may
be appropriate improving long-term cardiovascular out-
comes (Hébert et al. 1999; Mistry et al. 2023).

Haptoglobin

In addition to the free hemoglobin, bilirubin, LDH, and
reticulocyte count, haptoglobin is a parameter that may
indicate the presence of intravascular hemolysis. Hapto-
globin is an acute-phase protein that binds irreversibly to
fHb preventing its glomerular filtration, and the complex
is phagocytized in the mononuclear phagocyte system.
The half-life of free haptoglobin is approximately 5 days
whereas the hemoglobin-haptoglobin complexes just few
minutes (Shih et al. 2014). Haptoglobin is common but
not ideal marker of hemolysis. In the absence of hemoly-
sis, reduced haptoglobin concentrations can be found in
liver cirrhosis, disseminated ovarian cancer, pulmonary
sarcoidosis, and some endocrinology diseases. Hap-
toglobin has already been used in cardiac surgery and
may be a potent drug used in patients with hemolytic
anemias (Tanaka et al. 1991). In our systematic review,
haptoglobin was used in four patients but only one with
intravascular hemolysis (Aoyagi et al. 2001; Kawahira
et al. 1994; Matsuzaki et al. 2016; Yoshimura et al. 2006).
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Vasodilatators and nitrous oxide

During intravascular hemolysis, reactivity of free
plasma hemoglobin with nitrous oxide (NO) may affect
vascular tone leading to vasoconstriction and impaired
organ perfusion. Vasodilators such as sodium nitro-
prusside (which is a NO donor) may be beneficial in
these patients. Also, inhaled NO oxidized most of the
cell-free hemoglobin in the plasma to methemoglobin,
blocking its endogenous NO-scavenging properties and
therefore reduces vasoconstriction (Minneci 2005). In
the study of patients undergoing multiple valve replace-
ment, nitric oxide decreased the incidence of kidney
injury (Lei et al. 2018).

Angeli’s salt—nitroxyl

Angeli’s salt (sodium alpha-oxyhyponitrite, Na2N203) is
a nitroxyl anion donor, which reacts with cell-free oxyHb
to form metHb, thereby reducing pulmonary and sys-
temic vasoconstriction. Several animal studies are being
conducted in various areas of medicine using nitroxyl
delivered by Angeli’s salt (He et al. 2008).

Pentoxifylline

Pentoxifylline (PTX) is a methylxanthine increasing
erythrocyte flexibility and reducing whole blood viscos-
ity. Some studies suggest that PTX may be an effective
agent in the treatment of hemolysis during CPB but also
in patients with prosthetic heart valves and continuous-
flow left ventricular assist device support (Golbasi et al.
2003; Jennings et al. 2013).

Polyethylene glycol

Polyethylene glycol (PEG) is a water-soluble linear poly-
mer used, among other things, in the pharmaceutical
industry as a component of artificial blood substitutes,
a biocompatible drug delivery carrier, and as coating
for biomaterials. Experimental studies on bovine blood
showed that hemolysis of red blood cells suspended in
plasma and PEG solutions was several times lower than
in dextran and phosphate-buffered saline (PBS) solutions.
PEG 20,000 was shown to produce a significant protec-
tive effect at concentrations as low as 0.1 g/ml. The pro-
posed protective mechanism of PEG may be a result of
coating the surface of the artificial material as well as the
absorption of PEG into the RBC membrane complex,
thereby increasing the resistance of RBCs to shear and
stress (Kameneva et al. 2003).

Poloxamer 188

Purified poloxamer 188 (P188) is a linear copolymer
with hemorheological properties improving microvas-
cular blood flow. It may increase RBC membrane hydra-
tion, cause fibrinogen dispersion, and have anti-adhesive
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effects facilitating blood flow and reducing cell-fibrin/
fibrinogen interactions in a many hemorheological dis-
orders (Hoppensteadt et al. 2013). The use of poloxamer
188 was identified in one patient (Kawahira et al. 1994).

Sodium bicarbonate

In addition to IV fluid administration (which can be det-
rimental in patients with heart failure), a protective effect
of sodium bicarbonate on the renal injury after cardiac
surgery has been reported. The use of sodium bicarbo-
nate, leading to urinary alkalization, may aid in the pre-
vention of hemoglobin-associated pigment nephropathy,
but there is no conclusive clinical evidence that an alka-
line diuresis is superior than a saline diuresis in prevent-
ing acute kidney injury (Bailey et al. 2015; Haase et al.
2007; Huerta-Alardin et al. 2005). In a study by Wetz
et al., sodium bicarbonate administration was benefi-
cial to cardiac surgical patients with a baseline low risk
of acute renal failure after cardiac surgery (Thakar score
3<pts.), with no significant difference in the high-risk
patient group (Wetz et al. 2015).

Limitations

Our study has several limitations. A rare case of con-
genital RBC defect undergoing cardiac surgery was
described, and extrapolating the results to a larger
population may be flawed. Because of the rarity of the
disease, the analysis of the literature concerns only sin-
gle case reports from different decades. Comparisons
between these publications may therefore not be appro-
priate. In addition, the quality of the reported data is
poor, and it was not possible to perform an in-depth
statistical analysis.

Conclusions

The literature data show that hemolysis is not common
in patients with HS undergoing various cardiac surgery
techniques. The typical management of a patient with
mild/moderate HS does not appear to increase the risk of
significant clinical hemolysis. Commonly accepted beliefs
about factors inducing hemolysis during cardiac surgery
may not be fully justified and require further investigation.

Abbreviations

ALP Alkaline phosphatase

ALT Alanine aminotransferase

AS Atherosclerosis

ASD Autism spectrum disorder
AST Aspartate aminotransferase
AVR Aortic valve replacement
AVSD Atrioventricular septal defect
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BR Bilirubin

CABG Coronary artery bypass graft surgery
™M Cardiac malformation
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CPB Cardiopulmonary bypass
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DO2 Global oxygen delivery

ECMO Extracorporeal membrane oxygenation
F Female

FFP Fresh-frozen plasma

GGTP Gamma-glutamyl transferase

HF Heart failure

HSM Hepatosplenomegaly

hsTn High sensitivity troponin

HT Arterial hypertension

HTX Heart transplantation

HVAD HeartWare ventricular assist device
IABP Intra-aortic balloon pump

IHD Ischemic heart disease

LA Left atrium

LDH Lactate dehydrogenase

LOS Length of hospital stay

M Male

Mech Mechanical prothesis

MVpl Mitral valve valvuloplasty

MVR Mitral valve replacement

OPCAB  Off-pump coronary artery bypass
PCv Polyvinyl chloride

PDA Patent ductus arteriosus

pfHb Free hemoglobin

PLT Platelets

PT Pulmonary trunk

PV Pulmonic valve

PVL Paravalvular leak

RBC Red blood cells

rHUEPO  Recombinant human erythropoietin
RRT Renal replacement therapy

RV Right ventricle

TVR Tricuspid valve replacement
UACR Urine albumin/creatinine ratio
VSD Ventricular septal defect

Acknowledgements
Not applicable.

Authors’ contributions

KM, TCz, TD and RG contributed to the conception and design, data collection,
data analysis, and manuscript writing. DH, PP contributed to the conception
and design. SK and BJ contributed to the conception and design and manu-
script writing. All authors read and approved the final manuscript.

Authors’ information
Not applicable.

Funding
None.

Availability of data and materials

All data generated or analyzed during this study are included in this published
article.

Declarations

Ethics approval and consent to participate
Patient’s written consent.

Consent for publication
Patient’s written consent.

Competing interests
The authors declare no competing interests.

Page 14 of 16

Author details

'Department of Anaesthesiology and Intensive Care, Medical University

of Silesia, Katowice, Poland. 2Department of Cardiac Surgery, Upper-Silesian
Medical Centre, Medical University of Silesia, Katowice, Poland. *Department
of Emergency Medicine, Jan Kochanowski University, Kielce, Poland. “Depart-
ment of Intensive Interdisciplinary Therapy, Jagiellonian University Collegium
Medicum, Krakow, Poland.

Received: 2 September 2023 Accepted: 27 May 2024
Published online: 10 June 2024

References

Aoyagi S, Kawano H, Tomoeda H, Hiratsuka R, Kawara T. Open heart operation
in a patient with hereditary spherocytosis: a case report. Ann Thorac
Cardiovasc Surg. 2001;7(6):375-7.

Arensdorf J, Petitt H, Holt D. Improving hemolysis levels associated with cardi-
otomy suction. Perfusion. 2018;33(8):612-7.

Aykag B, Erolcay H, Dikmen Y. Total exchange transfusion (TET) and open heart
surgery in a patient with hereditary spherocytosis (HS). J Cardiothorac
Vasc Anesth. 1994;8(3):87.

Bailey M, McGuinness S, Haase M, Haase-Fielitz A, Parke R, Hodgson CL, et al.
Sodium bicarbonate and renal function after cardiac surgery. Anesthesi-
ology. 2015;122(2):294-306.

Bento D, Rodrigues R, Faustino V, Pinho D, Fernandes C, Pereira A, et al.
Deformation of red blood cells, air bubbles, and droplets in microflu-
idic devices: flow visualizations and measurements. Micromachines.
2018,9(4):151.

Bernardi MH, Rinoesl H, Dragosits K, Ristl R, Hoffelner F, Opfermann P, et al.
Effect of hemoadsorption during cardiopulmonary bypass surgery — a
blinded, randomized, controlled pilot study using a novel adsorbent. Crit
Care. 2016;20(1):96.

Bernardi MH, Rinoes| H, Ristl R, Weber U, Wiedemann D, Hiesmayr MJ.
Hemoadsorption does not have influence on hemolysis during cardio-
pulmonary bypass. ASAIO J. 2019;65(7):738-43.

Bhirowo YP, Raksawardana YK, Setianto BY, Sudadi S, Tandean TN, Zaharo AF,
et al. Hemolysis and cardiopulmonary bypass: meta-analysis and system-
atic review of contributing factors. J Cardiothorac Surg. 2023;18(1):291.

Burt C, Hutton S, Evans B. Conduct of cardiopulmonary bypass. In: Ghosh
S, Falter F, Perrino, Jr AC, editors. Cardiopulmonary Bypass. 2nd ed.
Cambridge University Press; 2015. p. 67-86. Available from: https://www.
cambridge.org/core/product/identifier/9781139871778%23CN-bp-5/
type/book_part. [cited 2023 Sep 2].

Butler T, Bradley CA, Owensby JE. Plasma components protect erythrocytes
against experimental haemolysis caused by mechanical trauma and by
hypotonicity. Int J Exp Pathol. 1992;73(1):27-33.

Cerfolio R. Reoperation for hemolytic, anaemia complicating mitral valve
repair. Eur J Cardiothorac Surg. 1997;11(3):479-84.

Chan G, KiK, Zhang M, Asnicar C, Cho HJ, Ainola C, et al. Extracorporeal
membrane oxygenation-induced hemolysis: an in vitro study to appraise
causative factors. Membranes. 2021;11(5):313.

Chun PKC, Flannery EP, Bowen TE. Open-heart surgery in patients with hema-
tologic disorders. Am Heart J. 1983;105(5):835-42.

Dal A, Kumar RS. Open heart surgery in presence of hereditary spherocytosis. J
Cardiovasc Surg (torino). 1995;36(5):447-8.

De Somer F, Foubert L, Vanackere M, Dujardin D, Delanghe J, Van Nooten G.
Impact of oxygenator design on hemolysis, shear stress, and white blood
cell and platelet counts. J Cardiothorac Vasc Anesth. 1996;10(7):884-9.

deleval MR. Open heart surgery in patients with inherited hemoglobinopa-
thies, red cell dyscrasias, and coagulopathies. Arch Surg. 1974;109(5):618.

Fromes Y. Reduction of the inflammatory response following coronary bypass
grafting with total minimal extracorporeal circulation. Eur J Cardiothorac
Surg. 2002;22(4):527-33.

Gayyed NL, Bouboulis N, Holden MP. Open heart operation in patients suffer-
ing from hereditary spherocytosis. Ann Thorac Surg. 1993;55(6):1497-500.

Golbasi |, Turkay C, Timuragaoglu A, Ozdem SS, Belgi A, Akbas H, et al. The
effect of pentoxifylline on haemolysis in patients with double cardiac
prosthetic valves. Acta Cardiologica. 2003;5:379-83.


https://www.cambridge.org/core/product/identifier/9781139871778%23CN-bp-5/type/book_part
https://www.cambridge.org/core/product/identifier/9781139871778%23CN-bp-5/type/book_part
https://www.cambridge.org/core/product/identifier/9781139871778%23CN-bp-5/type/book_part

Mendrala et al. Perioperative Medicine (2024) 13:54

Haase M, Haase-Fielitz A, Bagshaw SM, Ronco C, Bellomo R. Cardiopulmonary
bypass-associated acute kidney injury: a pigment nephropathy? In:
Ronco C, Bellomo R, Kellum JA, editors. Contributions to Nephrology.
Basel: KARGER; 2007. p. 340-53. Available from: https.//www.karger.com/
Article/FullText/102125. [cited 2023 Aug 13].

Hargrave JM, Capdeville MJ, Duncan AE, Smith MM, Mauermann WJ, Gallagher
PG. Case 5-2016Complex congenital cardiac surgery in an adult patient
with hereditary spherocytosis: avoidance of massive hemolysis associ-
ated with extracorporeal circulation in the presence of red blood cell
fragility. J Cardiothorac Vasc Anesth. 2016;30(3):800-8.

Harmand M-F, Briquet F. In vitro comparative evaluation under static condi-
tions of the hemocompatibility of four types of tubing for cardiopulmo-
nary bypass. Biomaterials. 1999;20(17):1561-71.

He X, Azarov |, Jeffers A, Presley T, Richardson J, King SB, et al. The potential of
Angeli’s salt to decrease nitric oxide scavenging by plasma hemoglobin.
Free Radical Biol Med. 2008;44(7):1420-32.

Hébert PC, Wells G, Blajchman MA, Marshall J, Martin C, Pagliarello G, et al. A
multicenter, randomized, controlled clinical trial of transfusion require-
ments in critical care. N Engl J Med. 1999;340(6):409-17.

Herman DS, Toro E, Baraban EG, Bagg A, Wang P. Falsely increased plasma
lactate dehydrogenase without hemolysis following transport through
pneumatic tube system. J App Lab Med. 2019;4(3):433-8.

Holmén A, Corderfeldt A, Lannemyr L, Dellgren G, Hansson EC. Whole blood
adsorber during CPB and need for vasoactive treatment after valve sur-
gery in acute endocarditis: a randomized controlled study. J Cardiothorac
Vasc Anesth. 2022;36(8):3015-20.

Hoppensteadt D, Emanuele M, Molnar J, Igbal O, Fareed J. Effect of purified
poloxamer 188 and various dextrans on erythrocyte sedimentation
rate in healthy subjects and patients with sickle cell disease. Blood.
2013;122(21):4764-4764.

Huenges K, Panholzer B, Cremer J, Haneya A. Ventricular assist device implan-
tation in a young patient with non-compaction cardiomyopathy and
hereditary spherocytosis. Eur J Cardiothorac Surg. 2018;53(4):879-80.

Huerta-Alardin AL, Varon J, Marik PE. Bench-to-bedside review: rhabdomyolysis
—an overview for clinicians. Crit Care. 2005;9(2):158-69.

Imantalab V, Sedighinejad A, Kanani G, Sadeghi MAM, Mirmansori A, Haghighi
M. Reoperative hemoglobinuria in a coronary artery bypass graft case
with hereditary spherocytosis. Iran Heart J. 2011;12(1):63-6.

lolascon A, Andolfo I, Barcellini W, Corcione F, Gargon L, De Franceschi L, et al.
Recommendations regarding splenectomy in hereditary hemolytic
anemias. Haematologica. 2017;102(8):1304-13.

lonescu A. Prevalence and clinical significance of incidental paraprosthetic
valvar regurgitation: a prospective study using transoesophageal echo-
cardiography. Heart. 2003;89(11):1316-21.

Jahren SE, Jenni H, Roesch Y, Arn R, Tevaearai H, Obrist D, et al. The impact of
roller pump-assisted cardiotomy suction unit on hemolysis. Artif Organs.
2021;45(1):46-54.

Jegger D, Horisberger J, Jachertz M, Seigneul |, Tozzi P, Delay D, et al. A novel
device for reducing hemolysis provoked by cardiotomy suction during
open heart cardiopulmonary bypass surgery: a randomized prospective
study. Artif Organs. 2007;31(1):23-30.

Jennings DL, Williams CT, Morgan JA. Pentoxifylline for the treatment of
hemolytic anemia in a patient who developed recurrent gastrointestinal
bleeding while on continuous-flow left ventricular assist device support.
ASAIO J. 2013;59(5):526-7.

Johnson CE, Schmitz ML, McKamie WA, Edens RE, Imamura M, Jaquiss RDB.
Orthotopic heart transplantation in a child with hereditary spherocytosis:
thoughts and progress. Artif Organs. 2010;34(12):1154-6.

Kameneva MV, Repko BM, Krasik EF, Perricelli BC, Borovetz HS. Polyethylene
glycol additives reduce hemolysis in red blood cell suspensions exposed
to mechanical stress. ASAIO J. 2003;49(5):537-42.

Kang YJ, Kim MG, Son KH, Lim CH, Son HS, Yoon SY, et al. Experimental inves-
tigation of pulsatility effect on the deformability and hemolysis of blood
cells. Artif Organs. 2010;34(4):E103-9.

Kawahira Y, Kishimoto H, Lio M, Ikawa S, Ueda H, Kayatani F, et al. Open
heart operation in a young child with spherocytosis. Ann Thorac Surg.
1994,58(4):1166-8.

Khalighi MA, Henriksen KJ, Chang A, Meehan SM. Intratubular hemoglobin
casts in hemolysis-associated acute kidney injury. Am J Kidney Dis.
2015;65(2):337-41.

Page 150f 16

Khatri V, Holak EJ, Pagel PS. Perioperative implications of hereditary
spherocytosis in coronary artery surgery. J Cardiothorac Vasc Anesth.
2010;24(4):636-8.

Lei C, Berra L, Rezoagli E, Yu B, Dong H, Yu S, et al. Nitric oxide decreases acute
kidney injury and stage 3 chronic kidney disease after cardiac surgery.
Am J Respir Crit Care Med. 2018;198(10):1279-87.

Matsuzaki Y, Tomioka H, Saso M, Azuma T, Saito S, Aomi S, et al. Open-heart
surgery using a centrifugal pump: a case of hereditary spherocytosis. J
Cardiothorac Surg. 2016;11(1):138.

Mecozzi G, Milano AD, De Carlo M, Sorrentino F, Pratali S, Nardi C, et al.
Intravascular hemolysis in patients with new-generation prosthetic heart
valves: a prospective study. J Thorac Cardiovasc Surg. 2002;123(3):550-6.

Menon S, Saxena MS, R MS. Open heart surgery in an infant with hereditary
spherocytosis and a review of literature. J Card Surg. 2021;36(2):720-2.

Michinaga Y, Takano T, Terasaki T, Miyazaki S, Kikuchi N, Okada K. Hemolytic
characteristics of three suctioning systems for use with a newly devel-
oped cardiopulmonary bypass system. Perfusion. 2019;34(2):136-42.

Minneci PC. Hemolysis-associated endothelial dysfunction mediated by accel-
erated NO inactivation by decompartmentalized oxyhemoglobin. J Clin
Investig. 2005;115(12):3409-17.

Mistry N, Hare GMT, Shehata N, Belley-Cote E, Papa F, Kramer RS, et al. Transfu-
sion thresholds for acute coronary syndromes—insights from the TRICS-
Il randomized controlled trial, systematic review, and meta-analysis.
JAHA. 2023;12(1):028497.

Moyes DG, Rogers MA, Coleman AJ. Cardiopulmonary bypass in hereditary
spherocytosis: a case report. Thorax. 1971;26(1):131-2.

Moyes DG, Holloway AM, Hutton WS. Correction of Fallot's tetralogy
in a patient suffering from hereditary spherocytosis. S Afr Med J.
1974;48(36):1535-6.

Murad MH, Sultan S, Haffar S, Bazerbachi F. Methodological quality and synthe-
sis of case series and case reports. BMJ EBM. 2018;23(2):60-3.

QOuzzani M, Hammady H, Fedorowicz Z, Elmagarmid A. Rayyan—a web and
mobile app for systematic reviews. Syst Rev. 2016;5(1):210.

Paige NM, Nagami GT. The top 10 things nephrologists wish every primary
care physician knew. Mayo Clin Proc. 2009;84(2):180-6.

Passaroni AC, Felicio ML, De Campos NLKL, Silva MADM, Yoshida WB. Hemoly-
sis and inflammatory response to extracorporeal circulation during on-
pump CABG: comparison between roller and centrifugal pump systems.
Braz J Cardiovasc Surg. 2018; Available from: https://bjcvs.org/pdf/2832/
v33n1al3.pdf [cited 2024 May 21].

Perek B, Stawek S, Malinska A, Katyniska |, Puslecki M, Szymak-Pawetczyk B, et al.
Late subclinical hemolysis and long-term outcomes after aortic valve
replacement with on-X mechanical prostheses — a preliminary single-
center report. Kitp. 2017;3:175-9.

Perrotta S, Gallagher PG, Mohandas N. Hereditary spherocytosis. Lancet.
2008;372(9647):1411-26.

Pierangeli A, Masieri V, Bruzzi F, De Toni E, Grillone G, Boni P, et al. Haemolysis
during cardiopulmonary bypass: how to reduce the free haemoglobin by
managing the suctioned blood separately. Perfusion. 2001;16(6):519-24.

Pohlmann JR, Toomasian JM, Hampton CE, Cook KE, Annich GM, Bartlett RH.
The relationships between air exposure, negative pressure, and hemoly-
sis. ASAIO J. 2009;55(5):469-73.

Reiter CD, Wang X, Tanus-Santos JE, Hogg N, Cannon RO, Schechter AN,
et al. Cell-free hemoglobin limits nitric oxide bioavailability in sickle-cell
disease. Nat Med. 2002;8(12):1383-9.

Saczkowski R, Maklin M, Mesana T, Boodhwani M, Ruel M. Centrifugal pump
and roller pump in adult cardiac surgery: a meta-analysis of randomized
controlled trials. Artif Organs. 2012;36(8):668-76.

Sargent CR, Perkins IL, KanamarlapudiV, Moriarty C, Ali S. Hemodilution
increases the susceptibility of red blood cells to mechanical shear stress
during in vitro hemolysis testing. ASAIO J. 2021,67(6):632-41.

Schilling RF. Spherocytosis, splenectomy, strokes, and heart attacks. Lancet.
1997;350(9092):1677-8.

Shih AWY, McFarlane A, Verhovsek M. Haptoglobin testing in hemolysis:
measurement and interpretation: haptoglobin testing in hemolysis. Am J
Hematol. 2014;89(4):443-7.

Shin DA, Lee JC, Shin H, Cho Y-J, Kim HC. Point-of-care testing of plasma free
hemoglobin and hematocrit for mechanical circulatory support. Sci Rep.
2021;11(1):3788.

Skoularigis J, Essop MR, Skudicky D, Middlemost SJ, Sareli P. Frequency
and severity of intravascular hemolysis after left-sided cardiac valve


https://www.karger.com/Article/FullText/102125
https://www.karger.com/Article/FullText/102125
https://bjcvs.org/pdf/2832/v33n1a13.pdf
https://bjcvs.org/pdf/2832/v33n1a13.pdf

Mendrala et al. Perioperative Medicine (2024) 13:54

replacement with medtronic hall and St. Jude medical prostheses, and
influence of prosthetic type, position, size and number. Am J Cardiol.
1993;71(7):587-91.

Skrabal CA, Khosravi A, Choi YH, Kaminski A, Westphal B, Steinhoff G, et al.
Pericardial suction blood separation attenuates inflammatory response
and hemolysis after cardiopulmonary bypass. Scand Cardiovasc J.
2006;40(4):219-23.

Spegar J, Riha H, Kotulak T, Vanek T. Hereditary spherocytosis in a patient
undergoing coronary artery bypass grafting with cardiopulmonary
bypass — a case report. Perfusion. 2015;30(1):77-81.

Stalder M, Gygax E, Immer F, Englberger L, Tevaearai H, Carrel T. Minimized car-
diopulmonary bypass combined with a smart suction device: the future
of cardiopulmonary bypass? Heart Surg Forum. 2007;10(3):E235-8.

Stevens B, Buckley K, Schwartz R, Burkhart H. The successful use of an
exchange transfusion in a child with hereditary spherocytosis undergo-
ing congenital cardiac surgery. J Extra Corpor Technol. 2021;53(2):137-9.

Swiecicki PL, Hegerova LT, Gertz MA. Cold agglutinin disease. Blood.
2013;122(7):1114-21.

Takahashi T, Noji S, Erbe EF, Steere RL, Kon H. Cold shock hemolysis in human
erythrocytes studied by spin probe method and freeze-fracture electron
microscopy. Biophys J. 1986;49(2):403-10.

Taleska Stupica G, Sostaric M, Bozhinovska M, Rupert L, Bosnic Z, Jerin A, et al.
Extracorporeal hemadsorption versus glucocorticoids during cardiopul-
monary bypass: a prospective, randomized, controlled trial. Cardiovasc
Ther. 2020;2020:1-15.

Tanaka K, Kanamori Y, Sato T, Kondo C, Katayama Y, Yada |, et al. Administration
of haptoglobin during cardiopulmonary bypass surgery. ASAIO Trans.
1991,37(3):M482-483.

Valeri CR, MacGregor H, Ragno G, Healey N, Fonger J, Khuri SF. Effects of
centrifugal and roller pumps on survival of autologous red cells in cardio-
pulmonary bypass surgery. Perfusion. 2006;21(5):291-6. https://doi.org/
10.1177/0267659106073976.

Vercaemst L. Hemolysis in cardiac surgery patients undergoing cardiopulmo-
nary bypass: a review in search of a treatment algorithm. J Extra Corpor
Technol. 2008;40(4):257-67.

Vieira Junior FU, Antunes N, Vieira RW, Alvares LMP, Costa ET. Hemolysis in
extracorporeal circulation: relationship between time and procedures.
Rev Bras Cir Cardiovasc. 2012;27(4):535-41.

Walther T, Déhnert |, Kiefer H, Falk V, Kostelka M, Mohr FW. Beating heart
off-pump myocardial revascularization in an infant. Ann Thorac Surg.
2005;79(6):2151-3.

Wang G, Qiao L, Tang Z, Zhou S, Min J, Li M. Association between bilirubin lev-
els and risk of stroke: a systematic review and meta-analysis. BMJ Open.
2023;13(5):e064433.

Ward RP, Sugeng L, Weinert L, Korcarz C, Verdino RJ, Spencer KT, et al. Hemoly-
sis after mitral valve repair. Circulation. 2000;101(6):695-6.

Wetz AJ, Brauer A, Quintel M, Heise D. Does sodium bicarbonate infusion
really have no effect on the incidence of acute kidney injury after cardiac
surgery? A prospective observational trial. Crit Care. 2015;19(1):183.

Wielogorski JW, Cross DE, Nwadike EVO. The effects of subatmospheric pres-
sure on the haemolysis of blood. J Biomech. 1975;8(5):321-5.

Yamagishi |, Sakurada T, Abe T. Cardiac surgery using only autologous blood
for a patient with hereditary spherocytosis: a case report. Ann Thorac
Cardiovasc Surg. 1998;4(5):294-7.

Yoshimura N, Murakami H, Otaka S, Watanabe K, Watanabe S, Uese K, et al.
Open heart operation in a child with congenital heart disease and
hereditary spherocytosis. Circ J. 2006;70(12):1655-7.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 16 of 16


https://doi.org/10.1177/0267659106073976
https://doi.org/10.1177/0267659106073976

	Hemolysis during open heart surgery in patients with hereditary spherocytosis — systematic review of the literature and case study
	Abstract 
	Background 
	Objective 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study design and participants
	Information sources and search methods
	Synthesis of results

	Results
	Case study
	Discussion
	Cardiopulmonary bypass
	The pump
	The cannulas and oxygenator
	Priming
	Air-blood boundary and suction
	Cardioplegic solution
	Ultrafiltration

	Surgical management
	Procedure time
	Bioprosthesis vs mechanical prosthesis
	Valve repair
	Preemptive splenectomy

	Laboratory tests
	Treatment
	Haptoglobin
	Vasodilatators and nitrous oxide
	Angeli’s salt—nitroxyl
	Pentoxifylline
	Polyethylene glycol
	Poloxamer 188
	Sodium bicarbonate


	Limitations
	Conclusions
	Acknowledgements
	References


