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Abstract: Paroxysmal interventricular septal motion (PSM) is the movement of the septum toward
the right ventricle (RV) during cardiac systole. It occurs frequently after uncomplicated cardiac
surgery (CS), including coronary bypass (on-pump and off-pump), valve repair or replacement,
and with all types of incisions (sternotomy or mini-thoracotomy). It sometimes resolves quickly
but may persist for months or become permanent. Global RV systolic function, stroke volume and
ejection fraction remain normal after uncomplicated CS, but regional contractile patterns are al-
tered. There is a decrease in longitudinal shortening but an increase in transverse shortening in the
endocardial and epicardial right ventricular muscle fibers, respectively. PSM is a secondary event
as there is no loss of septal perfusion or thickening. The increased RV transverse shortening (free
wall to septal fibers) may modify septal movement resulting in PSM that compensates for the re-
duced RV longitudinal shortening, thus preserving normal global right ventricular function.

Keywords: Paroxysmal septal motion, right ventricular systolic dysfunction, tricuspid annular plane systolic excursion, tricus-
pid annular systolic velocity, ventricular interdependence, cardiac systole.

1. INTRODUCTION
Paradoxical septal motion (PSM) is an abnormal anterior

movement of the septum toward the right ventricle despite
normal  septal  thickening  during  cardiac  systole.  PSM fre-
quently develops after uncomplicated cardiac surgery (CS)
and has been recognized since the early days of echocardiog-
raphy (echo) [1-5]. Abnormal systolic and/or diastolic septal
motion  has  been previously  observed with  several  cardiac
conditions:  right  ventricular  volume/pressure  overload,
LBBB,  constrictive  pericarditis,  congenital  absence  of  the
pericardium, right ventricular pacing and septal infarction.
The pathophysiology affecting each condition has been clear-
ly elucidated [6-10].

The following historical review describes how investiga-
tors have used a variety of diagnostic tools, including echo-
cardiography (echo), tissue Doppler imaging (TDI), magnet-
ic resonance imaging (MRI) and computerized tomography
(CT) to study the cause of PSM after CS. These studies have
enhanced our knowledge, but after three decades, there re-
main unanswered questions. However, the discovery of a sig-
nificant temporal relation between altered regional right ven-
tricular function and altered septal function (PSM) after CS
 suggests a possible  mechanistic relationship  between  the
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right ventricle and PSM. After CS, there is a decrease in re-
gional right ventricular (RV) longitudinal shortening and an
increase in RV transverse shortening in the endocardial and
epicardial RV muscle fibers, respectively. RV stroke volume
and  ejection  fraction  (EF)  remain  normal.  It  appears  that
PSM is a consequence of the altered regional RV contractile
patterns that ultimately preserves global RV function. The
cause of altered regional RV contractile patterns after CS to
date  remains  elusive  and  may  be  related  to  surgical  tech-
nique.

2. PARADOXICAL SEPTAL MOTION AND CARDI-
AC SURGERY

The reported incidence of PSM after uncomplicated CS
ranges from 40% to 100%. The gradual resolution of PSM
over time is variable, although it may persist indefinitely in
some  patients  [4,  5,  11-13].  Past  theories  to  explain  the
cause  of  PSM  after  CS  have  included:  1)  impaired  septal
contractility from ischemia or infarction, 2) altered pericar-
dial restraint after pericardiotomy, 3) artifact due to exagger-
ated post-operative anterior systolic cardiac mobility that re-
solves over time with the progressive restraining effect of ad-
hesions [2, 14-19]. Numerous past publications have specu-
lated that PSM after CS reflects post-operative septal injury.
Surgical techniques, cardioplegia composition and delivery
systems  have  been  modified  to  allegedly  prevent  or  limit
PSM. Because of the septum’s major contribution to global
RV  function,  septal  myocardial  protection  strategies  have
been  promoted  to  prevent  post-operative  right  ventricular
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dysfunction [20]. However, the perception that septal injury
causes  PSM after  CS has  largely  been  refuted  by  the  evi-
dence  of  normal  septal  perfusion,  viability  and thickening
following uncomplicated CS [21-24]. Despite being almost
universally recognized, the mechanism, prevalence and time
course of PSM following uncomplicated cardiac surgery re-
main controversial.

2.1. Early PSM Observations
Akins, in 1984, assessed the role of cardiopulmonary by-

pass (CPB) in the genesis of PSM following CS [25]. The
study included 22 patients who underwent single-vessel coro-
nary artery bypass grafting (CABG): 11 patients with CPB
and 11 patients without CPB. Postoperatively, all 11 patients
with CPB had decreased septal function, while 10 of 11 pa-
tients without CPB had no change or improvement in septal
motion. There was no evidence of perioperative infarction in
either group. Other reports also concluded that PSM was di-
rectly related to events that occurred during CPB [3, 26].

CPB and cardioplegic arrest represent a clinical model
of  ischemia-reperfusion  (IR)  injury  and  prolonged  IR  is
known to cause cellular dysfunction, injury and death [27].
Surgical strategies are used during CPB to preserve tissue vi-
ability  and  reduce  myocardial  damage:  faster  procedures,
shorter aortic cross-clamp time, hypothermia and cardiople-
gia (variable types and compositions). These maneuvers are
designed to slow myocardial metabolic activity, reduce oxy-
gen demand and protect against re-oxygenation injury [28].
However,  CPB  has  been-associated  with  biochemical
changes  (enzyme  release),  physiological  changes  (altered
right ventricular function), mechanical changes (reduced left
ventricular basal anteroseptal segment rotation) and anatomi-
cal changes (right ventricular shape becomes more spheri-
cal) [11, 13, 29-35]. These abnormalities have been thought
to be the result of IR injury.

A  2007  multivariate  analysis  of  3,292  patients,  per-
formed  to  determine  which  CS  characteristics  correlated
with PSM, revealed: 1) aortic and/or mitral valve surgery is
more likely to cause PSM than CABG, 2) off-pump CABG
causes less PSM than on-pump CABG, and 3) longer aortic
cross-clamp times were associated with the development of
PSM [4].  The authors concluded that  the cause of  PSM is
multifactorial.

3. RIGHT VENTRICULAR FUNCTION AND CARDI-
AC SURGERY

The  interventricular  septum  is  shared  by  the  RV  and
many  studies  have  discussed  this  interdependence  in  pro-
posed mechanisms of PSM. It is important to review aspects
of the anatomy and physiology of the septum. Septal muscle
fibers  are  obliquely  oriented  as  are  left  ventricular  fibers,
and generate a systolic twisting contraction pattern. The ana-
tomy of the RV is distinctly different from that of the left
ventricle  (LV).  The  right  ventricular  myocardium is  com-
posed of longitudinal subendocardial fibers and transverse
circumferentially oriented sub epicardial fibers. There is no
significant RV systolic twisting to contribute to overall RV

function [36]. In the normal RV, longitudinal shortening ac-
counts for approximately 80% of overall RV function, with
transverse shortening contributing 20% [37, 38].

The quantitative assessment of right ventricular function
has been historically difficult because of RV geometry and
has changed over the years. Imaging techniques have includ-
ed echo, TDI, and MRI. Indices of right ventricular function
have  included  tricuspid  annular  plane  systolic  excursion
(TAPSE),  peak  tricuspid  annular  systolic  velocity  (TAV),
fractional area change (FAC), speckle tracking-derived peak
longitudinal strain, 2-D and 3-D echocardiography and ther-
modilution pulmonary artery catheterization.

3.1. Early Measurements of RV Function and PSM
Kaul in 1984 introduced TAPSE as a metric of RV sys-

tolic function [39]. While comparing a control multi-gated
radionuclide  global  RV  ejection  fraction  (RVEF)  to  a  2D
echo apical 4-chamber cross-sectional area, a chance obser-
vation of the RV tricuspid annular systolic motion suggested
its  possible  role  in evaluating RV systolic  function.  There
was a close correlation between RVEF and TAPSE. The au-
thors concluded TAPSE to be a simple, reproducible method
to estimate RVEF without geometric assumptions or trace-
able endocardial outlines. Tissue Doppler imaging followed
later and measured peak tricuspid annular systolic velocity
[40]. Both measurements are surrogates of RV longitudinal
shortening.  There is  excellent  correlation between TAPSE
and TAV [41]. However, the authors were unaware that they
were comparing global and regional RV systolic function.

Abnormal RV systolic regional longitudinal shortening
following CS was first  described by Wranne in 1993 after
observing reduced TAPSE [26]. He was studying the time
course and mechanism of PSM with intra-operative 2D trans-
esophageal echocardiography (TEE) in patients undergoing
CABG/valvular surgery. Interventricular septal motion and
tricuspid annular systolic motion were recorded. Measure-
ments  were  made  during  surgery  with  chest  closed  (base-
line), chest open, pericardium open, after CPB and after ch-
est closure. The investigators observed reduced TAPSE after
CPB  and  recognized  the  temporal  relation  between  de-
creased TAPSE and PSM. After CPB, 29% of patients had
PSM (open chest) that increased to 86% after chest closure.
After CPB, 76% of patients had reduced TAPSE (open ch-
est)  that  increased to 95% after chest  closure.  This classic
study established that following CS, patients with PSM also
have reduced TAPSE and both features simultaneously dete-
riorate with chest closure. The authors hypothesized that sub-
optimal RV preservation impairs RV function and TAPSE
after CPB and that recruitment of the septum (PSM) would
help maintain an adequate RV stroke volume. Previous in-
vestigators had also reported that chest closure augmented
PSM [3, 18].

Right ventricular regional systolic dysfunction, defined
as  reduced  longitudinal  shortening  by  TAPSE or  TAV,  is
common after CS [11, 13, 30, 31, 42]. Hedman (2004) and
Roshanali  (2008)  independently  reported  that  following
CPB,  reduced TAPSE and velocity  remained for  one  year
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and closely correlated with PSM, i.e., 96% and 97%, respec-
tively  [11,  13].  The  temporal  relation  between  reduced
TAPSE and PSM had been previously  described  [26,  43].
However, despite persistent reduction of TAPSE following
CS, most patients had a better NYHA functional class, expe-
rienced  an  uneventful  post-op  clinical  course  and  an  im-
proved exercise capacity three months after CS [11, 13, 43].
These observations led to uncertainty regarding TAPSE as
an accurate reflection of global RV systolic function.

A  later  study  suggested  that  the  RV is  selectively  im-
paired during cardiac surgery. Yadav in 2010 measured RV
and LV myocardial tissue Doppler systolic velocities in pa-
tients undergoing CABG and compared the RV/LV ratio be-
fore and after surgery [31]. This ratio compares tricuspid an-
nular systolic velocity and mitral  annular systolic velocity
that contrast RV and LV systolic longitudinal shortening. He
observed a significant fall in the RV/LV ratio immediately
after  surgery that  persisted  long-term and concluded there
was selective right ventricular impairment following uncom-
plicated CABG.

3.2. Timing of Regional RV Dysfunction
The precise timing of reduced RV longitudinal shorten-

ing during CS has  been measured with  intra-operative  2D
TEE imaging by numerous investigators [3, 26, 44, 45]. Re-
gional long-axis RV systolic function has been assessed by
TAPSE, TAV and speckle tracking-derived peak longitudi-
nal strain. Measured time points have included: 1) after anes-
thetic induction, 2) sternotomy, 3) pericardiotomy, 4) CPB,
and 5) chest closure. These studies have all concluded that
TAPSE, TAV and longitudinal strain are all significantly re-
duced following CPB during uncomplicated CS.

Unsworth,  in  2010,  using angle-dependent  tissue Dop-
pler in a small study, described reduced RV long-axis veloci-
ties within three minutes after opening the pericardium and
concluded that pericardiotomy caused reduced RV longitudi-
nal  shortening  [15].  However,  Bitcon  in  2017  measured
TAPSE and TAV using angle-independent speckle tracking
and reported that pericardial opening and suspension had no
effect  on  these  indices  [44].  They  noted  that  reduction  of
TAPSE only occurred after CPB and chest closure, an obser-
vation reported by many others [3, 26, 45, 46].

3.3. Global RV Function after Cardiac Surgery
The  disconnection  between  the  abnormal  reduced  RV

longitudinal shortening and improved clinical status after CS
continued to produce uncertainty about TAPSE as an accu-
rate reflection of post-op global RV systolic function. Tam-
borini in 2009 evaluated global RV function in patients un-
dergoing surgical mitral valve repair [47]. All patients were
studied by 2D and 3D transthoracic echocardiography (TTE)
pre-op and post-surgery. TAPSE and TAV were significant-
ly  reduced after  surgery.  Preoperative  global  RVEF,  mea-
sured by 3D-echo, was unchanged at 3, 6 and 12 months af-
ter surgery. The authors cautioned against the use of TAPSE
and TAV to assess  post-operative global  RV function and
suggested  that  alterations  in  these  long-axis  parameters

might represent geometrical changes (associated with inter-
ventricular PSM) rather than functional changes in the RV
chamber. Other investigators studying global RV function af-
ter heart valve surgery with 2D echo, speckle-tracking, and
3D  echo  have  confirmed  that  global  RVEF  remains
unchanged  following  uncomplicated  CS  [48,  49].

Gronlykke in 2019 used 3D TEE and pulmonary artery
thermodilution catheterization for detailed hemodynamic as-
sessment of global RV function in patients undergoing un-
complicated CABG [50]. Post-operative TAPSE and TAV
were significantly reduced, however, RV output, stroke vol-
ume  and  global  RVEF  remained  unchanged  by  both  3D
echo  and  hemodynamic  measurements.

3.4.  Regional  RV  Contractile  Patterns  after  Cardiac
Surgery

Raina in 2013 measured regional contractile patterns si-
multaneously by studying RV fractional area change (RV-
FAC), a metric of global RV function, before and after CS
with 2D echo and Doppler from the apical 4-chamber view
to determine the contribution of longitudinal and transverse
shortening to overall RV function [33]. Although global RV-
FAC remained stable after CS, there was a marked change
in regional RV contractile patterns with a decrease in longitu-
dinal fractional area change (RV base to apex) and a two-
fold increase in transverse fractional area change (RV free
wall to septum). The authors concluded that CS caused a dis-
ruption in native RV contractile patterns that produce a more
spherical RV shape.

Recently, others have investigated the observation of nor-
mal  global  RV output  and  altered  regional  RV contractile
patterns after CS with advanced speckle tracking by directly
measuring RV longitudinal and transverse displacement and
peak systolic strain, a measure of myocardial fiber contrac-
tile movement [32, 45, 46, 51-53]. Strain is a measure of my-
ocardial deformation, a change in the length of a segment rel-
ative to its baseline length. The advantage of myocardial de-
formation  parameters  (strain,  strain-rate)  is  their  indepen-
dence from tethering and global cardiac motion that impact
all wall motion-based parameters (myocardial velocity, dis-
placement). Originally, strain imaging was derived from my-
ocardial tissue Doppler velocities, but in recent years, speck-
le tracking echo has become the technique of choice because
of its angle-independence [54].

Keyl in 2016 studied patients undergoing aortic valve re-
placement (AVR) for aortic valve stenosis [48]. Twenty pa-
tients underwent surgical  replacement (SAVR) and 20 pa-
tients  had  transcatheter  replacement  (TAVR).  All  patients
had 3D TTE one week before and 5-7 days after the interven-
tion. TAPSE, TAV, global RVEF and regional RV mid-cavi-
ty transverse shortening were measured in both groups. Af-
ter surgery, SAVR patients revealed a decreased RV longitu-
dinal shortening and an increased RV transverse shortening.
Both  parameters  remained  unchanged  in  TAVR  patients.
Global RVEF and RV stroke volume remained unchanged
in both groups.
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Donauer in 2020 studied regional RV deformation in pa-
tients undergoing CABG [52]. All had antegrade cold blood
cardioplegia and pericardial  closure.  Patients had 3D TTE
one week before and 3-4 days after surgery as well as intra-
operative 3D TEE speckle  tracking measurements  1)  after
anesthesia, 2) before incision, 3) after pericardiotomy and 4)
after  sternal  closure.  TEE images  were  acquired  to  assess
RV  longitudinal,  lateral  free  wall  and  RV  inflow-outflow
track deformation. Images allowed assessment of circumfer-
ential strain from the RV inferior-lateral and anterior-lateral
free wall segments. After CS, there was a significant reduc-
tion  in  peak  longitudinal  strain  of  the  RV  lateral-inferior
walls and RV outflow track with a simultaneous increase in
the circumferential strain of the RV lateral wall. The global
RVEF did not change. There was a decrease in peak systolic
longitudinal septal strain after sternal closure (31%) that per-
sisted for five days.

Korshin in 2020 studied patients undergoing CABG with
intra-operative  2D  and  3D  TEE  and  RV  speckle  tracking
software [53]. TAPSE, TAV, FAC, longitudinal and trans-
verse strain were measured before surgery and immediately
after weaning from CPB. This study showed a loss of RV
longitudinal displacement and a concomitant gain in trans-
verse displacement that occurs immediately after CPB and
upon chest  closure.  Longitudinal  and transverse  strain  did
not change significantly at any time during surgery. The au-
thors suggested that  the increased transverse displacement
might reflect a compensatory mechanism to mitigate the re-
duced longitudinal displacement and maintain global RV out-
put.

Moya Mur in 2018 measured LV and RV systolic longi-
tudinal displacement and strain and transverse shortening in
patients  undergoing  CABG/valvular  surgery  [32].  All  pa-
tients had transthoracic speckle tracking 2D echo from the
apical 4-chamber view the day before and three-four days af-
ter surgery. The direction and magnitude of longitudinal dis-
placement for basal, mid and apical segments were tracked
and displacement curves for the LV septal, LV free wall and
RV free wall were analyzed. To measure displacement, the
authors identified a stationary point  toward which all  seg-
ments  moved  in  systole,  the  static  longitudinal  reference
point (sLRP). This point remained immobile during systole.
Before surgery, the sLRP for both the LV and RV was the
ventricular apex. After surgery, the sLRP shifted. RV sys-
tolic displacement moved toward the mid segment of the lat-
eral RV wall that remained fixed and LV systolic displace-
ment moved toward the mid-apical segment of the interven-
tricular  septum.  The RV basal  segment  moved toward the
new RV sLRP but with less magnitude than before surgery.
The  RV  apical  segment  displacement  was  inversed  and
moved toward the new sLRP. The conclusions of this study
are:  1)  after  surgery,  RV longitudinal  strain  decreased,  2)
transverse shortening increased, 3) both the magnitude and
direction of segment displacement changed. The RV lateral
wall in contact with the sternum remains static, septal mo-
tion changes, and the apical septum moves toward the mid
RV free wall causing PSM. Therefore, PSM depends on two
factors: traction from the fixed RV lateral wall and the in-
crease transverse fiber shortening (Fig. 1a, b).

RV  geometry  is  also  altered  after  uncomplicated  CS
[32-34]. Rosner studied patients before and 9 months after
CABG and assessed RV size,  shape and function with 2D
echo, tissue Doppler and cardiac MRI [34]. RV volumes and
global RVEF did not change after surgery. However, cardiac
MRI  revealed  a  shortened  RV  lateral  wall  longitudinal
length  and  wider  apical  and  mid-ventricular  diastolic  and
systolic diameters. These changes resulted in a more spheri-
cal RV shape that persisted for nine months.

4. RIGHT VENTRICULAR FUNCTION AND SURGI-
CAL APPROACH

The aforementioned studies strongly suggest that PSM
after CS is a consequence of altered regional RV contractile
patterns. However, many of these studies lack a detailed de-
scription of the many surgical variables that may affect these
changes. Surgery incorporates the extent of thoracotomy and
pericardiotomy as well as myocardial protection strategies to
limit ischemic injury. Cardioplegia components and their de-
livery  methods  (antegrade  vs.  retrograde)  vary  widely  as
does the use or non-use of cardiopulmonary bypass. Some
physiological issues and details of surgical approaches that
may influence regional RV contractile properties and PSM
are reviewed below.

4.1. Ischemia, Cardioplegia, RCA Revascularization, RV
Function and PSM

Several investigators have ruled out septal ischemia or in-
farction as a cause of PSM based on Thallium-201 scintigra-
phy, cardiac MR imaging and perfusion-gated SPECT imag-
ing [23, 24]. These studies reported normal thickening, perfu-
sion and viability of the paradoxical septum.

Reports of septal strain after CS are limited with varied
results.  Some  studies  have  shown  no  reduction  in  septal
strain in CABG patients [46, 53, 55]. Others have reported a
decrease in septal strain [51, 52]. Donauer studied RV and
septal strain in 30 patients undergoing CABG [52]. All pa-
tients had antegrade cold cardioplegia. After CS, there was a
significant decrease in longitudinal strain with a simultane-
ous increase in circumferential strain of the RV lateral wall.
There was also a decrease in peak systolic longitudinal sep-
tal strain after sternal closure. The authors suggested that fur-
ther studies should investigate the effect of cardioplegia de-
livery, flow, duration and perfusion pressure on septal and
RV contraction patterns after CS.

Cardioplegic components have been studied in reference
to depressed RV function after CS. Zaboni analyzed 44 pa-
tients undergoing mitral valve repair using TAPSE to assess
RV function.  Patients had antero-lateral  mini-thoracotomy
or  full  sternotomy.  Cardioplegia  in  the  sternotomy  group
consisted of either cold blood (Buckberg protocol) or cold
crystalloid (Custodial solution). In all patients, TAPSE was
reduced. Cardioplegia components failed to impact the de-
creased TAPSE but mini thoracotomy minimalized it [56].

Cardioplegic delivery routes, however, seemed to affect
septal function in one study using 3D speckled tracking. The
investigators measured segmental strain of the septum and
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Fig. (1). Analysis of longitudinal displacement from the A4C view in a patient before (a) and after (b) cardiac surgery. a) Before surgery, the
sLRP is located at the apex of the LV (in both biventricular and isolated LV analysis). All segments are moving towards the apex in systole.
b) After the surgery, the sLRP is in the middle of RV free wall and septum (represented by the blue line) so that the apical segments of the
RV free wall and septum invert their displacement (represented by the green line); the basal segments RV free wall and septum reduce dis-
placement and apical segment VI (red) increases displacement pulled by RV. At the bottom, a scheme of this behavior (brown in diastole and
white in systole) shows the relationship of cardiac structures and the anterior chest [32]. (A higher resolution / colour version of this figure is
available in the electronic copy of the article).

lateral LV wall after CS comparing two modes of cold blood
cardioplegia  delivery:  antegrade  vs.  antegrade  plus  retro-
grade via the coronary sinus (combined group) [57]. There
was decreased mean radial strain of the septum in the ante-
grade group but not in the combined group, indicating pre-
served septal motion in the combined group.

Revascularization of the RCA plays no role in global RV
dysfunction after CABG [11, 58]. Roshanali studied 240 pa-
tients before and after CABG. All patients underwent total
revascularization.  Patients  with  RCA  revascularization
(Group 1) were compared to patients without RCA revascu-
larization (Group 2). TAPSE, TAV and RV strain were mea-
sured in  all  patients.  Post-operative  reductions  of  TAPSE,
TAV  and  RV  strain  were  independent  of  the  number  of
grafts and RCA revascularization. There was no significant

difference between the two groups in RV strain preoperative-
ly [11].

4.2.  Pericardiotomy,  Thoracotomy,  RV  Function  and
PSM

Pericardial opening and its association with the onset of
reduced RV longitudinal systolic function has been vigorous-
ly  debated.  Unsworth,  using  angle-dependent  pulse  wave
Doppler, studied RV tissue systolic velocity in 9 patients un-
dergoing  CABG  [15].  Intra-operative  measurements  were
made  with  2D  TEE  from  the  mid-esophageal  4-chamber
view. RV longitudinal systolic velocity was reduced by 43%
within three minutes after opening the pericardium. A later
study from the same group included many CABG and valvu-
lar patients in whom intra-operative RV tissue Doppler sys-
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tolic  velocity  by  2D TEE was  also  measured.  Among  pa-
tients who underwent minimally invasive surgery (robotic or
small lateral thoracotomy), there was no significant change
in post-operative RV longitudinal velocity or TAPSE, indi-
cating that pericardial preservation is important. The authors
concluded: “It is the complete opening of the pericardium,
not cardiac surgery in general, that causes RV longitudinal
axis velocity decline following CS” [59]. This finding was
supported in a study by Dalen who reported a randomized
trial  that  compared  RV function  after  mini-sternotomy vs.
full sternotomy in 40 patients undergoing AVR. Primary out-
comes measured were TAPSE, RV tissue Doppler velocity,
RV-FAC  and  basal  and  mid-RV  transversal  diameters  on
postoperative days 4 and 40. TAPSE fell in both groups but
more  with  sternotomy.  RV  tissue  Doppler  velocity  de-
creased only in the sternotomy group. FAC was equally de-
creased in both groups. RV dimensions did not change in ei-
ther group and persisted from day 4 to 40 [60].

Ultrasound alignment with the lateral tricuspid annulus
is  difficult  from the TEE mid-esophageal  4-chamber view
and may lead to inaccurate velocity measurements [42, 44].
Most  investigators  studying  the  timing  of  surgical  events
with intra-operative 2D or 3D TEE and angle independent
speckle tracking have placed the onset of reduced RV longi-
tudinal shortening after CPB [44, 45, 52].

Lindqvist in 2012 investigated the consequent effect of
pericardial repair on PSM and RV long axis shortening after
CS [61]. Thirty patients scheduled for AVR were randomly
allocated to pericardial repair (suture closure) vs. open peri-
cardium. Half of the patients had the pericardium closed af-
ter operation. All patients had pre-op and one-week post-op
echo and tissue Doppler measurements to assess RV long-
axis systolic shortening and interventricular septal motion.
One week after surgery, all patients had PSM and reduced
RV longitudinal shortening. PSM directly correlated with de-
creased RV longitudinal shortening. PSM and RV longitudi-
nal dysfunction were not normalized by pericardial repair.
The authors suggested that PSM was likely a compensatory
mechanism,  for  the  decreased  RV  long-axis  shortening-
caused  by  surgery,  to  maintain  a  normal  stroke  volume.

Singh in 2020 studied intra-operative timing of the acute
decline in RV long-axis function and global function in 109
patients undergoing CABG, valvular or CABG/valve com-
bined surgery with myocardial cardioplegic arrest [45]. The
study  also  assessed  the  influence  of  (1)  the  surgical  ap-
proach (midline sternotomy, minimal upper hemi-sternoto-
my, right thoracotomy) and (2) the post-operative need for
ionotropic support (51% in this study) on RV function after
chest  closure.  All  patients  were  monitored  with  a  PA  ca-
theter  and  2D  TEE  speckled  tracking  from  the  mid-e-
sophageal  4-chamber  view.  TAPSE,  RV  strain  and  FAC
were measured (1) after anesthetic induction before surgical
incision, (2) after pericardiotomy, (3) after separation from
CPB, and (4) following chest closure. All three metrics of
RV function (TAPSE, RV strain and FAC) were reduced fol-
lowing CPB and were independent of the cardiac operation,
surgical approach and extent of pericardiotomy. There was

no  difference  in  post-operative  RV  function  between  pa-
tients who received ionotropic support versus those who did
not. The authors suggested that the change in RV function
was perhaps related to imperfect myocardial protection or in-
tracardiac  air  since  less  RV  dysfunction  was  noted  after
CABG compared to open heart procedures.

4.3. Cardiac Translation and PSM
Joshi in 2009 used cardiac MRI to study PSM in 23 pa-

tients before and three months after CABG [19]. The motion
of myocardial structures was assessed with a mid-left ven-
tricular short-axis cine image relative to a stationary anterior
reference point. After CABG, the septum moved anteriorly
(PSM) in all 23 patients. Motion of the RV free wall was re-
duced  (restricted),  whereas  systolic  anterior  movement  of
the lateral LV wall increased. It was concluded that the en-
tire  LV  was  translocated  anteriorly  in  systole  which  ex-
plained postoperative PSM. There was a positive correlation
between the degree of anterior movement of the ventricular
septum and the RV ejection fraction. The pericardium was
not  closed.  The restricted  RV free  wall  was  thought  to  be
consistent with adhesions (three months post-op), a recog-
nized  phenomenon.  The  anterior  motion  occurred  even
while patients were lying supine in the MRI scanner; “The
heart  lifted  against  gravity  during  systole.”  Interestingly,
Moya Mur has also described a post-operative fixed, immo-
bile RV lateral free wall, but only three days after CS [32].

4.4. Cardiac Surgery with or without Cardiopulmonary
Bypass

Michaux hypothesized that RV global systolic function,
assessed by RV fractional area change and RV myocardial
performance index, would be better preserved in off-pump
CABG compared to on-pump CABG with blood cardiople-
gia in a randomized study of 50 patients utilizing 2D-Dop-
pler before operation and three months later [62]. Lateral tri-
cuspid annular velocities suggested persistently impaired sys-
tolic function at the level of the RV free wall in both groups
that persisted for three months. However, global RV func-
tion was equally preserved at three months in both groups.
Dyskinetic motion of the septum was low and not significant-
ly different between on-pump vs. off-pump (2/25 vs. 1/25).

Khani in 2016 studied RV systolic function in patients
undergoing off-pump CABG with standard 2D echocardiog-
raphy. Right ventricular TAPSE, TDI, strain and strain rate
were measured in all patients at the lateral tricuspid valve an-
ulus before, 6 days and 3 months after surgery. Following
surgery, right ventricular TAPSE, TDI, strain and strain rate
all significantly decreased at 6 days and partially recovered
at 3 months but did not improve to baseline levels. The au-
thors  concluded  that  RV  function  declines  after  off-pump
CABG [63].

Another randomized trial used cardiac MRI to assess RV
function comparing on and off pump CABG patients [64].
Antegrade  cold  crystalloid  cardioplegia  was  used  in  on-
pump cases. Early after surgery, RV stroke volume index de-
creased in both groups whether the RCA was grafted or not.
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By six months, there was recovery of RV function in both
the groups. The early reduction of function was due to a de-
crease  in  the  RV  end  diastolic  volume  index  (RVEDVI)
while  the  RV  end-systolic  volume  index  remained
unchanged. The authors suggest that even minor inflamma-
tion, effusion or hematoma associated with surgery could se-
lectively impair RVEDVI.

Analysis  of  longitudinal  displacement  from  the  A4C
view in a patient before (a) and after (b) cardiac surgery. a)
Before surgery, the sLRP is located at the apex of the LV (in
both biventricular and isolated LV analysis). All segments
are moving towards the apex in systole. b) After the surgery,
the sLRP is in the middle of RV free wall and septum (repre-
sented by the blue line) so that  the apical  segments of  the
RV free wall  and septum invert  their  displacement (repre-
sented by the green line); the basal segments RV free wall
and  septum  reduce  displacement  and  apical  segment  VI
(red) increases displacement pulled by RV. At the bottom, a
scheme of this behavior (brown in diastole and white in sys-
tole) shows the relationship of cardiac structures and the an-
terior chest [32].

CONCLUSION
PSM is often seen after all types of cardiac surgery, in-

cluding on or off-pump CABG, minimally invasive or robot-
ic surgery and with valve surgery [63-65]. It sometimes re-
solves quickly or takes months to resolve or remains perma-
nent. Prior studies suggest that PSM after uncomplicated CS
is a consequence of altered regional RV contractile patterns
and not a primary septal event as there is no loss of septal
perfusion or thickening. After CS, there is a decrease in lon-
gitudinal shortening and an increase in transverse shortening
of  the  endocardial  and  epicardial  right  ventricular  muscle
fibers, respectively. Two mechanisms have been proposed to
explain  these  changes  in  fiber  shortening.  Several  authors
have reported that decreased RV longitudinal strain (defor-
mation) results in reduced longitudinal shortening [32, 45,
46, 52], whereas other studies have reported decreased longi-
tudinal displacement to be responsible for reduced longitudi-
nal shortening [53].

Some investigators only reported longitudinal shortening
and  did  not  discuss  strain  or  displacement  [33,  48].  In-
creased RV transverse displacement has been observed and
recorded by most investigators to explain the increased trans-
verse shortening [32, 33, 48, 53], although decreased longitu-
dinal  strain  and  simultaneous  increased  transverse  strain
have been described [52]. Speckle tracking-derived different
deviations  in  the  magnitude  and  direction  of  longitudinal
and transverse shortening suggest that these changes repre-
sent  alterations  in  native  muscle  fiber  contractility  rather
than RV tethering or global cardiac translation.

The medium segment of the RV free wall remains fixed
and  immobile  after  CS [19,  32].  This  “anchor-like”  effect
produces changes in cardiac dynamics, reduced systolic tri-
cuspid annular excursion, traction of the RV apical segment,
LV apex, and septum (PSM) [32]. It is reasonable to specu-
late that the increased shortening of the epicardial transverse
fibers (RV free wall to septum) may influence or reverse sys-

tolic septal motion (PSM) as a compensating mechanism to
preserve global RV function, considering the RV free wall is
fixed. Perhaps RV performance is augmented by a left ven-
tricular-septal contractile contribution: the mechanical dis-
placement of the septum into the RV that defines PSM [66].
Irrespective of this mechanistic hypothesis, changes in right
ventricular regional contractile patterns after CS are tempo-
rally related to and responsible for PSM.
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