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Dr. Man Piu Wong: A 55-year-old man was evaluated at this hospital after a witnessed 
out-of-hospital cardiac arrest.

The patient had been eating at a restaurant late at night when he lost conscious-
ness. A first responder used an automated external defibrillator to deliver a shock, 
and cardiopulmonary resuscitation (CPR) was initiated. Four minutes later, emer-
gency medical services identified ventricular fibrillation, and defibrillation was 
performed. Intravenous amiodarone and epinephrine and intranasal naloxone were 
administered. Unstable ventricular tachycardia occurred, and the patient underwent 
cardioversion. He was transported to the emergency department of this hospital. 
The results of electrocardiography (ECG) performed before arrival at the hospital 
were suggestive of inferior ST-segment elevation myocardial infarction.

A review of systems could not be performed. The patient had no known medi-
cal history. He was not known to take any medications. He reportedly lived alone, 
worked in the service industry, and did not use tobacco or drink alcohol. His family 
history was unknown.

On the patient’s arrival at the emergency department, the heart rate was 123 beats 
per minute, the blood pressure 188/107 mm Hg, the respiratory rate 26 breaths 
per minute, and the oxygen saturation 88% while he was receiving supplemental 
oxygen through a bag–valve–mask device at a rate of 15 liters per minute. The 
weight was 73 kg, and the body-mass index (the weight in kilograms divided by 
the square of the height in meters) was 27.0. The patient was awake but not ori-
ented. He did not spontaneously move the arms or legs or respond to tactile 
stimuli; he had increased work of breathing and posturing. The pupils were 3 mm 
in diameter and sluggishly reactive. Auscultation revealed sinus tachycardia and 
diffuse lung crackles. There was no leg edema. The remainder of the examination 
was normal.
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Dr. Ada C. Stefanescu Schmidt: ECG showed sinus 
tachycardia, Q waves and 2-mm ST-segment 
elevations in the inferior leads, and upsloping 
ST-segment depressions in the lateral and pre-
cordial leads (Fig. 1A).

Dr. Wong: Laboratory test results are shown in 
Table  1. The white-cell count and differential 
count were normal, as were the levels of magne-

sium, bilirubin, and globulin. The high-sensitivity 
troponin T level was 3169 ng per liter (reference 
range, 0 to 14), and the N-terminal pro–B-type 
natriuretic peptide (NT-proBNP) level was 5679 
pg per milliliter (reference value, <900). Uri-
nalysis showed 3+ blood and 5 erythrocytes 
per high-power field. Blood was obtained for 
culture.

Figure 1. Initial Cardiopulmonary Diagnostic Studies.

An electrocardiogram (Panel A) shows sinus tachycardia, Q waves and 2-mm ST-segment elevations in the inferior 
leads, and reciprocal ST-segment depressions in the lateral and precordial leads. A chest radiograph (Panel B) 
shows an enlarged cardiac silhouette, as well as diffuse interstitial opacities in both lungs and an asymmetric con‑
solidation in the right upper lobe; endotracheal and enteric tubes are in appropriate positions, and multiple metallic 
densities most likely related to a previous gunshot injury are projected over the left hemithorax. A coronary angio‑
gram (Panel C) shows a thrombotic occlusion of the right coronary artery (arrow); a percutaneous left ventricular 
assist device is visible.
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Intravenous norepinephrine and vasopressin 
were administered. Bedside ultrasonography re-
vealed bilateral lung sliding and reduced left 
ventricular function. The trachea was intubated, 
and the oxygen saturation was 88% while the 
patient was receiving mechanical ventilation on 
a volume-controlled mode (tidal volume, 440 ml; 
respiratory rate, 20 breaths per minute; positive 
end-expiratory pressure [PEEP], 14 cm of water; 
fraction of inspired oxygen [Fio2], 1.0).

Dr. Milena Petranovic: Portable chest radiogra-
phy (Fig. 1B) revealed an enlarged cardiac sil-
houette, as well as diffuse interstitial opacities 
in both lungs and an asymmetric consolidation 
in the right upper lobe. Endotracheal and en-
teric tubes were in appropriate positions, and 
multiple metallic densities related to a previous 
gunshot injury were projected over the left hemi-
thorax.

Dr. Stefanescu Schmidt: Unstable ventricular 
tachycardia recurred, and defibrillation was per-
formed. Emergency cardiac catheterization was 
performed, and a percutaneous left ventricular 
assist device (LVAD) was placed through the right 
femoral artery. Coronary angiography (Fig. 1C) 
revealed a thrombotic occlusion of the right 
coronary artery, as well as 60 to 70% stenosis of 
the left anterior descending artery and a diago-
nal branch. The left ventricular end-diastolic 
pressure was 34 mm Hg. Intraprocedural trans-
esophageal echocardiography (TEE) revealed a 
dilated, hypokinetic left ventricle with akinesis of 
the inferior and septal walls. Mild-to-moderate 
mitral regurgitation and tricuspid regurgitation 
were present, and there was no pericardial ef-
fusion.

The thrombosis of the right coronary artery 
was difficult to wire and cross. Percutaneous 
coronary intervention (PCI) was undertaken 
with the use of two drug-eluting stents in the 
middle and distal portions of the right coro-
nary artery. Ventricular tachycardia recurred 
before reperfusion, and the patient underwent 
two cardioversions. Intravenous cangrelor, hepa-
rin, amiodarone, vancomycin, and cefepime 
were administered. Data from pulmonary artery 
catheterization, performed after PCI, are shown 
in Table  2. After the initiation of treatment 
with the percutaneous LVAD and reperfusion of 
the right coronary artery, the patient received 
low-dose norepinephrine.

Dr. Wong: The patient was admitted to the V
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cardiac intensive care unit early on the morning 
of the second hospital day. The temporal tem-
perature was 36.7°C, the heart rate 98 beats per 
minute, and the blood pressure 81/72 mm Hg 
while he was receiving intravenous norepineph-
rine at a rate of 4 μg per minute and maximal 
support from the percutaneous LVAD. The oxy-
gen saturation was 92% while he was receiving 
mechanical ventilation on a volume-controlled 
mode. The heart sounds were tachycardic and 
distant and were obscured by the mechanical 
hum of the LVAD. There was bleeding at the 
site of the right femoral arteriotomy. The arms 
and legs were cool. When sedation was tempo-
rarily discontinued, the pupils were sluggishly 
reactive, without corneal ref lexes or blinking 
in response to threat; there was no response 
to noxious stimuli, and the plantar ref lexes 
were mute.

A screening test for severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) RNA was 
positive, and intravenous dexamethasone and 
remdesivir were administered. Aspirin was also 
administered. Results from laboratory testing 
and hemodynamic monitoring are shown in 
Table 1 and Table 2. The protocol for tempera-
ture management after cardiac arrest was ini-
tiated.

Dr. Petranovic: Chest radiography showed that 
the endotracheal tube, cardiac catheter, percuta-
neous LVAD, and enteric tube were in appropri-
ate positions. There were diffuse alveolar opaci-
ties, which were greater on the left side than the 
right side, as well as a left pleural effusion.

Dr. Wong: During the 6 hours after admission 
to the cardiac intensive care unit, the blood 
pressure decreased to 74/72 mm Hg while the 
patient was receiving intravenous norepineph-
rine at a rate of 9 μg per minute and maximal 
support from the percutaneous LVAD. The urine 
output decreased, and the cardiac index mea-
sured by means of thermodilution was 1.7 liters 
per minute per square meter of body-surface 
area; other results are shown in Table  1 and 
Table 2. Treatment with intravenous epinephrine 
was initiated at a rate of 2 μg per minute. The 
oxygen saturation was 81% while he was receiv-
ing mechanical ventilation; intravenous cisatra-
curium and inhaled nitric oxide were adminis-
tered.

By the afternoon, the patient was anuric. On 
examination, there was a systolic murmur, and 

the arms and legs remained cool and were 
mottled. He received doses of intravenous epi-
nephrine at a rate of up to 5 μg per minute, and 
the blood pressure was 70/66 mm Hg. Labora-
tory test results are shown in Table 1 and Ta-
ble 2.

Diagnostic test results were received, and 
management decisions were made.

Differ en ti a l Di agnosis

Dr. Robert O. Roswell: The patient was a 55-year-old 
man who presented after a witnessed out-of-
hospital cardiac arrest with ST-segment eleva-
tions in the inferior leads and reciprocal ST-
segment depressions in the lateral leads on ECG. 
His syndrome included cardiogenic shock with 
acute hypoxemic respiratory failure, dysfunc-
tion of the left side of the heart, and elevated 
filling pressures. Despite stenting of a throm-
bosed right coronary artery, support from a 
percutaneous LVAD, and the administration of 
inotropes, the cardiogenic shock and hypox-
emia worsened.

Acute Respiratory Failure

Cardiologists who practice in the contemporary 
intensive care unit must be well versed in the 
management of respiratory failure and consider 
its effects on the heart and the differential diag-
nosis.1,2 Clinicians must be mindful of the pos-
sibility that acute hypoxemic respiratory failure 
may have more than one cause, that new causes 
may develop during the course of acute illness, 
and that each cause may require attention, in-
cluding appropriate treatments and approaches 
to ventilatory support.

The evaluation of patients with acute hypox-
emic respiratory failure and bilateral opacities 
on chest radiography includes consideration of 
acute respiratory distress syndrome (ARDS) 
when an acute risk factor for its development, 
such as coronavirus disease 2019 (Covid-19) or 
aspiration pneumonitis after cardiac arrest, is 
present. The diagnosis of ARDS also requires 
the presence of severe hypoxemia, as determined 
by the ratio of partial pressure of arterial oxygen 
(Pao2) to Fio2. A recently proposed updated 
definition of ARDS allows for the ratio of oxy-
gen saturation to Fio2 to be used, as well, and 
does not require the presence of PEEP in the 
absence of invasive or noninvasive ventilation.3 
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It is important to note that the diagnosis of 
ARDS requires that pulmonary edema not be 
exclusively or primarily attributable to cardio-
genic pulmonary edema.3

This patient had a positive test for SARS-
CoV-2 infection, bilateral infiltrates, and an ex-
tremely low Pao2:Fio2 ratio (an initial ratio of 74 
that worsened to 63 despite a PEEP of 14 cm of 
water). He also had clear evidence of prominent 
cardiogenic pulmonary edema, including an el-
evated NT-proBNP level (5679 pg per milliliter), a 
dilated, hypokinetic left ventricle on TEE, and a left 
ventricular end-diastolic pressure of 34 mm Hg 
— findings that preclude a confirmatory diag-
nosis of ARDS.

Cardiogenic Shock

Chest pain is the most common presenting 
symptom of acute coronary syndrome.4 The pa-
tient’s history from the time before the cardiac 
arrest could not be obtained to assess for an-
tecedent chest pain. However, the presence of 
Q waves on the initial ECG suggests a sub-
acute process. The presence of difficult-to-cross 
thrombosis in the right coronary artery lends 
credence to the hypothesis that he may have had 
a late-presenting ST-segment elevation myocar-
dial infarction with cardiogenic shock. Acute 
myocardial infarction complicated by cardio-
genic shock is defined by a systolic blood pres-
sure of less than 90 mm Hg, end-organ hypoper-
fusion, and a cardiac index of less than 2.2 liters 
per minute per square meter; cardiogenic shock 
can occur hours to days after the myocardial 
infarction.5,6

Use of the Society for Cardiovascular Angiog-
raphy and Interventions (SCAI) shock stage clas-
sification can help in discerning the risk of 
death from cardiogenic shock, with the stages 
ranging from A (least severe) to E (most severe).7 
This patient had refractory stage E shock on the 
basis of the minimal intrinsic cardiac pulsatility 
and hypotension despite intervention with me-
chanical and pharmacologic therapy, persistent 
severe lactic acidosis, and evolving hepatic and 
renal dysfunction. Stage E shock is associated 
with in-hospital mortality of at least 60% and 
30-day mortality of at least 77%.7,8

Features of cardiogenic shock in this patient 
included a narrow pulse pressure, cool arms 
and legs, lactic acidemia, anuria, and a cardiac 

index measured by means of thermodilution of 
1.7 liters per minute per square meter. In such 
a scenario, the mixed venous oxygen saturation 
would typically be low, perhaps approximately 
40%. Yet, the concurrent mixed venous oxygen 
saturation in this patient was 76.5%. This find-
ing corresponds to a cardiac index calculated 
according to Fick’s principle of 4.9 liters per 
minute per square meter, which is discordant 
with the clinical picture. However, a cardiac 
index calculated according to Fick’s principle 
can be erroneous because the calculation relies 
on an assumed oxygen consumption value, 
which is likely to be aberrant in a critically ill 
patient.9

Nevertheless, the higher-than-expected mixed 
venous oxygen saturation must be investigated, 
in part because it may help to explain the cause 
of acute myocardial infarction complicated by 
cardiogenic shock. With the pulmonary artery 
catheter in the appropriate position, the possible 
causes for a higher-than-expected mixed venous 
oxygen saturation in the context of acute myo-
cardial infarction complicated by cardiogenic 
shock are extracardiac arteriovenous shunting, 
cardiogenic shock with concurrent distributive 
shock, acute severe mitral regurgitation from 
papillary muscle rupture, or ventricular septal 
rupture.

This patient had a history of a gunshot wound, 
which can cause the formation of arteriovenous 
fistulae from trauma. Arteriovenous fistulae can 
lead to a high mixed venous oxygen saturation 
but can also cause high-output heart failure. He 
had SARS-CoV-2 infection, which can cause dis-
tributive shock. Distributive shock can increase 
the mixed venous oxygen saturation owing to 
dysfunctional oxygen extraction.10

The patient might have had a late-presenting 
ST-segment elevation myocardial infarction with 
the development of a systolic murmur after pre-
sentation. Both ischemic papillary muscle rup-
ture and ventricular septal rupture are me-
chanical complications of myocardial infarction. 
Intraprocedural TEE showed mild-to-moderate 
mitral regurgitation; it is possible that the se-
verity of the mitral regurgitation was underesti-
mated, given that the jet may be directed eccen-
trically. However, a ruptured papillary muscle is 
typically evident on TEE. A decrease in the pul-
monary artery pulsatility index from 2.2 to 0.9 
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ref lects right ventricular dysfunction, which 
could be due to ventricular septal rupture but 
could also be caused by new, severe, acute mi-
tral regurgitation.

It is important to note that the central venous 
oxygen saturation was 56.6% while the mixed 
venous oxygen saturation was 76.8%. This com-
bination of findings could indicate a “step-up” 
in oxygen saturation from the right atrium to 
the right ventricle due to extant left-to-right in-
terventricular shunting, which would be sugges-
tive of ventricular septal rupture. The adminis-
tration of inhaled nitric oxide would lead to 
vasodilation of the pulmonary beds and offload-
ing of the right ventricle, thereby increasing the 
flow across the left-to-right interventricular shunt 
and increasing the mixed venous oxygen satura-
tion. In this patient, the mixed venous oxygen 
saturation was 90.1% after the administration of 
inhaled nitric oxide.

Given the patient’s clinical history, echocar-
diography focused on the ventricular septum 
would be indicated. Because he had severe con-
current respiratory failure and SCAI stage E 
cardiogenic shock, venoarterial extracorporeal 
membrane oxygenation (ECMO) would be the 
next intervention to stabilize his condition, and 
additional treatment would be directed toward 
possible mechanical complications of myocardial 
infection as well as SARS-CoV-2 infection.

Dr . Robert O.  Ros w ell’s 
Di agnosis

Ventricular septal rupture in the context of acute 
myocardial infarction complicated by cardio-
genic shock.

Echo c a r dio gr a phic S t udy

Dr. Emily K. Zern: Transthoracic echocardiography 
(TTE) revealed aneurysmal deformity of the in-
feroposterior aspect of the left ventricle. There 
was a 16-mm serpiginous defect in the infero-
septum with left-to-right interventricular shunt-
ing (Fig. 2A and 2B; and Videos 1 and 2, avail-
able with the full text of this article at NEJM.
org). This finding is diagnostic of ventricular 
septal rupture. The peak interventricular flow 
velocity was at least 2.7 m per second. The right 
ventricle was dilated and hypokinetic, and the 

tip of the percutaneous LVAD was visible 39 mm 
from the aortic valve. Mild mitral regurgitation, 
moderate tricuspid regurgitation, mildly elevated 
right ventricular systolic pressure, and a small 
anterior pericardial effusion were detected.

Echo c a r dio gr a phic Di agnosis

Ventricular septal rupture.

Discussion of M a nagemen t

Dr. Daniel Burkhoff: Preoperative stabilization be-
fore the definitive surgical treatment of ven-
tricular septal rupture typically involves medical 
therapy or temporary mechanical circulatory 
support. Hemodynamic goals for such therapies 
include normalizing the blood pressure and for-
ward cardiac output, maintaining the pulmo-
nary artery pressure and central venous pressure 
within the normal ranges, and reducing the flow 
through the pulmonary vasculature. In patients 
with acute ventricular septal rupture with left-to-
right shunting, the flow through the pulmonary 
vasculature can reach 2 to 3 times the normal 
rate (e.g., 8 to 10 liters per minute), with the ratio 
of pulmonary to systemic flow typically ranging 
from 3 to 4. However, patients with ventricular 
septal rupture have a wide range of hemody-
namic profiles, depending on the size of the 
ventricular septal rupture and the degree to 
which ventricular contractility is compromised 
by the infarction. This variability necessitates a 
customized approach to therapeutic decision 
making that can be guided, in part, by hemody-
namic data obtained on pulmonary artery cath-
eterization when feasible.

Treatment with vasopressors can unfavorably 
decrease forward systemic blood flow; the in-
creased vascular resistance disproportionally 
increases the flow through the ventricular sep-
tal rupture into the lower-pressure right ventri-
cle and through the pulmonary vasculature. In 
contrast, treatment with vasodilators can favor-
ably decrease pulmonary f low and increase 
forward flow through the aorta, such that the 
blood pressure may not decrease despite the re-
duction of systemic vascular resistance. Howev-
er, this approach may not be feasible if the pa-
tient has clinically significant hypotension. The 
administration of inotropes may be of limited 

Videos showing 
echocardiographic 
studies are 
available at  
NEJM.org
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value in overcoming the marked decrease in 
right and left ventricular function due to the 
infarction. The left ventricular ejection fraction 
may be misleading as an index of left ventricular 
contractility because the left ventricle is ejecting 

against a markedly reduced effective afterload 
and is receiving a higher preload from recircu-
lated blood.

Because medical therapies are typically insuffi-
cient in patients with acute myocardial infarction 
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complicated by cardiogenic shock and ventricu-
lar septal rupture, temporary mechanical circu-
latory support is often considered. Case reports 
and small case series of mechanical circulatory 
support11 include the use of an intraaortic bal-
loon pump,12,13 a percutaneous transaortic ven-
tricular assist device,14 a transeptal bypass sys-
tem from the left atrium to the femoral artery 
(e.g., TandemHeart),15 or ECMO.11 Owing to a 
lack of data, there is no agreed-upon approach 
to the treatment of ventricular septal rupture as 
a complication of myocardial infarction. The 
choice therefore largely depends on device avail-
ability, local expertise, the severity of hemody-
namic compromise, and whether supplemental 
oxygenation of the blood is needed. The follow-
ing sequence of therapies may be a reasonable 
approach: initial medical therapy, followed by 
the use of an intraaortic balloon pump, and then 
followed by the use of either a ventricular assist 
device or ECMO. Given the multiorgan failure 
and severity of hypotension in this patient, and 
despite the presence of a percutaneous LVAD, the 
next step was ECMO.

Dr. Wong: Peripheral venoarterial ECMO and 
continuous venovenous hemodialysis were initi-
ated. Second and third tests for SARS-CoV-2 
RNA were negative. The patient’s family mem-
bers confirmed that he had received two vac-
cines against Covid-19 in previous months. 
Treatment with dexamethasone and remdesivir 
was stopped after 3 days, and the patient under-
went surgical repair of the ventricular septal rup-
ture. Intraoperative TEE again showed the ventric-
ular septal rupture with left-to-right shunting 
(Video 3).

Dr. Thoralf M. Sundt: Repair of the inferoposte-
rior ventricular septal rupture (Fig.  2C) was 
conducted with the patch technique with infarct 
exclusion.16 A large bovine pericardial patch was 
sewn to the inside of the left ventricle, eliminat-
ing the need for débridement of the myocardi-
um. The flexible patch simply bridges the defect, 
leaving intact any viable myocardium that may 
still be able to contract and maintain ventricular 
geometry. The patch also serves to exteriorize 
the ventricular septal rupture, such that with a 
simple linear closure of the myocardium, hemo-
stasis can be established with only right ven-
tricular pressure on the suture line.

The left anterior descending artery was by-
passed. The posterior descending artery was 
oversewn because the subtended myocardium 
had been infarcted and was patched. The ECMO 
equipment and percutaneous LVAD were re-
moved.

Dr. Wong: The trachea was extubated and me-
chanical ventilation was discontinued on post-
operative day 1. Treatment with inotropes and 
vasopressors was stopped on postoperative day 
2, and continuous venovenous hemodialysis was 
discontinued on postoperative day 3 with recov-
ery of renal function. Once the patient was able 
to provide his medical history, he recalled hav-
ing had new chest pressure for approximately  
3 days before the cardiac arrest.

After the repair, aspirin, clopidogrel, atorva-
statin, and metoprolol were administered. On 
postoperative day 7, TTE showed no evidence of 
residual interventricular shunting. A dilated left 
ventricle (left ventricular ejection fraction, 35%) 
with regional inferior dysfunction, a dilated right 
ventricle with dysfunction, mild-to-moderate mi-
tral regurgitation and tricuspid regurgitation 
with biatrial dilatation, and a pleural effusion 
were detected.

Figure 2 (facing page). Additional Cardiac Diagnostic 
Studies.

One day after the out-of-hospital cardiac arrest, a 
transthoracic echocardiographic (TTE) image obtained 
from a parasternal long-axis window (Panel A) shows 
a ventricular septal rupture (arrow); a percutaneous 
left ventricular assist device is in place. A TTE image 
obtained with color Doppler (Panel B) shows exten‑
sive left-to-right shunting across the ventricular septal 
rupture during ventricular systole. In a photograph 
obtained during surgical repair (Panel C), the apex of 
the heart is reflected cephalad, and a ventriculotomy 
established to the left of the posterior descending 
coronary artery provides access to the infarct zone; 
the ventricular septal rupture is visible through a left 
ventriculotomy (arrow). After resuscitation was per‑
formed for a subsequent in-hospital cardiac arrest,  
an electrocardiogram (Panel D) shows sinus rhythm 
with ventricular ectopic beats, ST-segment elevations 
of up to 6 mm in the inferior leads, and 5-mm ST-
segment depressions in the lateral and precordial 
leads. A transesophageal echocardiographic (TEE) 
image obtained from the midesophageal four-chamber 
view (Panel E) shows a ruptured papillary muscle of 
the mitral valve, as evidenced by the presence of papil‑
lary muscle tissue in the left atrium (asterisk) during 
systole. A TEE image obtained with color Doppler from 
the midesophageal long-axis view, at a different omni‑
plane angle (Panel F), shows severe mitral regurgita‑
tion due to the papillary muscle rupture.
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On postoperative day 13, the patient had dys-
pnea and became unresponsive after urinating. 
The initial cardiac rhythm was consistent with 
pulseless electrical activity with sinus bradycar-
dia. CPR was initiated, and intravenous atro-
pine and epinephrine were administered. The 
subsequent cardiac rhythm was consistent with 
ventricular tachycardia, and three shocks and 
intravenous epinephrine, lidocaine, amiodarone, 
and sodium bicarbonate were administered. 
The trachea was intubated for mechanical ven-
tilation, and venoarterial ECMO was initiated 
with right femorofemoral cannulation. Subse-
quent ECG showed sinus rhythm with ventricu-
lar ectopic beats, ST-segment elevations of up 
to 6 mm in the inferior leads, and ST-segment 
depressions in the lateral and precordial leads 
(Fig. 2D).

TEE, performed during ECMO cannulation, 
revealed a ruptured papillary muscle of the mitral 
valve with severe mitral regurgitation (Fig. 2E and 
2F and Videos 4 and 5). Serial ECGs showed 
resolution of the ST-segment elevations.

Dr. Sundt: The patient underwent surgical ex-
ploration, and the posteromedial head of the 
papillary muscle that supplies chordae tendineae 
to the anterior leaflet was ruptured. The affected 
segment of the anterior leaflet and associated 
papillary muscle head were excised. The remain-
der of the anterior leaf let was detached at its 
base from the aortomitral continuity and re-
f lected posteriorly, such that it was included 
with the intact posterior leaflet in the valve su-
tures. A 29-mm porcine bioprosthetic mitral valve 
was implanted with preservation of the remain-
ing chordal attachments.

Pathol o gic a l Discussion

Dr. Cynthia K. Harris: On microscopic examination 
of the surgical specimen (Fig. 3), the cardiomyo-
cytes of the papillary muscle were devoid of 
nuclei, a finding consistent with coagulative 
necrosis. There was abundant neutrophilic in-
f lammation, with no histologically significant 
histiocytic inflammation. Acute hemorrhage and 
surface fibrin deposition were also seen.

This patient’s case shows a well-characterized 
progression of histologic findings that develop 
after acute myocardial infarction. Coagulative ne-
crosis begins within 4 hours after the infarction 

Figure 3. Histologic Examination of the Surgical Spec-
imen.

Hematoxylin and eosin staining shows fragments of 
papillary muscle with attached chordae tendineae and 
valve tissue (Panel A). The cardiomyocytes of the pap‑
illary muscle are devoid of nuclei, a finding consistent 
with coagulative necrosis (Panel B). Abundant neutro‑
philic inflammation, acute surface hemorrhage, and 
surface fibrin deposition are shown (Panel C).

A
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and peaks 2 to 5 days after the infarction.17,18 
Neutrophilic infiltration begins 1 day after the 
infarction. By day 3 to 7, the myofibers begin to 
disintegrate, the neutrophils break down, and 
macrophages infiltrate the tissue to phagocytose 
the dying cells. The histologic changes present 
in the papillary muscle in this patient indicate 
that the infarct had occurred 1 to 3 days earlier.

Pathol o gic a l Di agnosis

Papillary muscle and chordae tendineae with 
acute infarction, neutrophilic inf lammation, 
and surface fibrin.

Mech a nic a l Complic ations of 
M yo c a r di a l Infa rc tion

Dr. Patrick T. O’Gara: Pump failure due to severe 
left ventricular systolic dysfunction is the lead-
ing cause of acute myocardial infarction compli-
cated by cardiogenic shock, accounting for near-
ly 80% of cases. Mechanical complications of 
myocardial infarction — such as rupture of the 
ventricular septum, papillary muscle, or left ven-
tricular free wall — account for approximately 
12% of cases.19 The incidence of mechanical 
complications has decreased considerably over 
the past four decades, in temporal association 
with the increasing use of early reperfusion ther-
apy, particularly primary PCI.20,21

The time course of myocardial rupture is 
bimodal, with one peak occurring within the 
first 24 hours and the other peak occurring 3 
to 5 days after myocardial infarction.22 Shared 
risk factors for the various types of myocardial 
rupture include older age, female sex, hyperten-
sion, a first infarction, the absence of a collat-
eral blood supply, and the use of medications 
that may interfere with wound healing, such as 
glucocorticoids or nonsteroidal antiinflammatory 
drugs.

Mechanical complications of myocardial in-
farction can be distinguished from each other 
on the basis of the findings on physical exami-
nation, echocardiography, and cardiac catheter-
ization. Ventricular septal rupture with shock 
can complicate the course of both anterior and 
inferior myocardial infarction. With anterior 
myocardial infarction, the rupture typically in-
volves the anterior apical septum, whereas with 

inferior myocardial infarction, the rupture in-
volves the inferior basal septum and has a worse 
prognosis. Ventricular septal rupture can be ac-
companied by a harsh systolic murmur at the 
middle or lower left sternal border, left-to-right 
shunting detected on echocardiography or con-
trast ventriculography, and a step-up in oxygen 
saturation from the right atrium to the right 
ventricle — findings that were all present in this 
patient. In patients with acute myocardial in-
farction complicated by cardiogenic shock and 
ventricular septal rupture, hemodynamic stabili-
zation is usually established with mechanical 
circulatory support before definitive surgical re-
pair, the timing of which is individualized. Trans-
catheter repair can be considered in selected 
patients with ventricular septal rupture who are 
considered to be poor candidates for surgical 
repair.

Thirteen days after this patient had under-
gone surgical repair of the ventricular septal 
rupture and concomitant coronary artery by-
pass, he had posteromedial papillary muscle 
rupture with severe acute mitral regurgitation, 
electrical instability, and cardiogenic shock. The 
systolic murmur associated with papillary mus-
cle rupture is usually soft or absent owing to 
equalization of the pressures between the left 
atrium and the left ventricle. Rupture of the pos-
teromedial papillary muscle is more common 
than rupture of the anterolateral papillary mus-
cle; the posteromedial muscle has a singular 
coronary blood supply, whereas the anterolateral 
muscle has a dual coronary blood supply. The 
infarct that causes posteromedial papillary mus-
cle rupture may therefore be relatively small, 
involving an isolated obtuse marginal branch or 
posterolateral ventricular branch, and may be 
accompanied by only modest ST-segment de-
pressions in the precordial or lateral leads. Large 
V waves may be inscribed on the tracing of the 
pulmonary capillary wedge pressure. The diag-
nosis can be established by means of echocar-
diography or contrast ventriculography. In this 
patient, mechanical circulatory support was re-
initiated after the papillary muscle rupture, and 
bioprosthetic mitral valve replacement was per-
formed.

The occurrence of two sequential mechanical 
complications of myocardial infarction in the same 
patient is exceedingly rare. The late papillary 
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muscle rupture could have resulted from im-
paired wound healing after the initial injury 
associated with his inferior myocardial infarc-
tion. Alternatively, it could have been an unin-
tended consequence of further compromise of 
blood f low in the distal right coronary artery 
during surgical repair of the ventricular septal 
rupture.

Foll ow-up

Dr. Wong: Two days after the patient underwent 
mitral valve replacement, ECMO was discontin-
ued. A tracheostomy was maintained, and me-
chanical ventilation was continued for 6 weeks 
after the procedure, in the context of ventilator-
associated pneumonia due to carbapenem-resistant 
enterobacteriaceae. Renal replacement therapy 
was administered for 3 months, until renal re-
covery was achieved. After 1 month of rehabilita-
tion, the patient was discharged home with 
prescriptions for aspirin, ticagrelor, atorvastatin, 
bumetanide, metoprolol, sacubitril–valsartan, 

empaglif lozin, and spironolactone. Discharge 
occurred 145 days after his initial presentation.

At an outpatient follow-up visit 12 months 
after the initial presentation, the patient report-
ed that he walked 45 minutes daily, which re-
sulted in mild fatigue but no orthopnea or ede-
ma. Echocardiography showed a left ventricular 
ejection fraction of 27% and a hypokinetic right 
ventricle. The prosthetic mitral valve was func-
tioning well, and there was no evidence of re-
sidual interventricular shunting.

Fina l Di agnosis

Inferior myocardial infarction with ventricular 
septal rupture and acute papillary muscle rupture.

This case was presented at the Harvard Medical School post-
graduate course “5C: Concepts in Contemporary Critical Care 
Cardiology,” directed by Dr. David M. Dudzinski.

Disclosure forms provided by the authors are available with 
the full text of this article at NEJM.org.

We thank Dr. Michael H. Picard for assistance in reviewing 
the cardiac imaging and Dr. Adam N. Paine for assistance with 
the intraoperative case history.
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