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Abstract

:

Diagnosis and management of fetal arrhythmias have changed over the past 40–50 years since propranolol was first used to treat fetal tachycardia in 1975 and when first attempts were made at in utero pacing for complete heart block in 1986. Ongoing clinical trials, including the FAST therapy trial for fetal tachycardia and the STOP-BLOQ trial for anti-Ro-mediated fetal heart block, are working to improve diagnosis and management of fetal arrhythmias for both mother and fetus. We are also learning more about how “silent arrhythmias”, like long QT syndrome and other inherited channelopathies, may be identified by recognizing “subtle” abnormalities in fetal heart rate, and while echocardiography yet remains the primary tool for diagnosing fetal arrhythmias, research efforts continue to advance the clinical envelope for fetal electrocardiography and fetal magnetocardiography. Pharmacologic management of fetal arrhythmias remains one of the most successful achievements of fetal intervention. Patience, vigilance, and multidisciplinary collaboration are key to successful diagnosis and treatment.
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1. Introduction


Fetal arrhythmias complicate at least 1–3% of pregnancies and account for about 20% of referrals to fetal cardiologists [1]. However, this likely significantly underestimates the true burden of the disease, as “silent arrhythmias” may explain even more fetal demises (up to 10%), in utero hydrops, and premature delivery [2]. Ten percent of fetal arrhythmias are known to be life-threatening [1]. But markers of life-threatening arrhythmias may go unrecognized [3]. The most lethal abnormalities in cardiac conduction may not manifest as changes in heart rate or rhythm and, thus, may not be apparent by ultrasound or fetal echocardiography [3]. Pharmacologic management of fetal arrhythmias remains one of the most successful achievements of fetal intervention [4], but not all therapies are effective. While the identification and management of fetal arrhythmias have improved over the past 40–50 years, there is yet more to be achieved in diagnostic tools and therapeutic options. Importantly, care of mothers and babies affected by fetal arrhythmias involves a multidisciplinary team that must understand the effect of treatment on both mother and baby [5]. Obstetrical providers are on the frontlines of identifying fetal arrhythmias and must be supported by perinatologists, cardiologists, and neonatologists. This article will review the types of fetal arrhythmias and discuss diagnosis and management in the current era.




2. Types of Fetal Arrhythmias


There are three broad categories of fetal arrhythmias: extrasystoles (early extra beats from the atria or ventricles), tachycardias (abnormally fast heart rates), and bradycardias (abnormally slow heart rates). Pregnancies may be complicated by just one type of arrhythmia or by combinations of irregularities in the heart rate and rhythm. The normal fetal heart rhythm is regular and characterized by one-to-one conduction from the atria to the ventricles. The normal fetal heart rate (FHR) is gestational-age-dependent but has generally been defined by obstetricians as a rate between 120–160 beats per minute (bpm) and by fetal cardiologists as a rate between 110–180 bpm [6,7]. A 5–15 bpm FHR variation is expected in healthy fetuses; fetal movements, as characterized by actigraphy, are associated with these heart rate changes [1]. Over the past 15 to 20 years, fetal cardiologists and obstetricians have become increasingly aware of the shortcomings of these definitions, with much research demonstrating that “subtle” arrhythmias may be missed with these broad heart rate limits [3,8,9]. Persistent FHR elevations just above the upper limit of “normal” may go unrecognized as markers of fetal thyrotoxicosis, for example [10,11]. Even more problematic are FHRs within the “normal” range that mask potentially lethal channelopathies, like long QT syndrome (LQTS) [8,9]. Mitchell et al. have further characterized FHRs at the 3rd, 50th, and 97th percentile for gestational age and emphasized the importance, for both mother and fetus, of recognizing FHRs persistently <3rd percentile for gestational age [8].




3. Extrasystoles


Early extra beats from the atria or ventricles—premature atrial (PACs) or ventricular (PVCs) contractions—are thought to be the most common type of fetal arrhythmia [3,12]. Premature junctional contractions (PJCs) can also occur but are more difficult to identify by ultrasound. While PACs are generally considered to be a benign arrhythmia of the immature fetal electrical system, PVCs are more commonly associated with cardiac structural, functional, or electrical disease [13,14]. Distinguishing the two by ultrasound is possible but sometimes challenging.



Atrial ectopy (PACs) can be intermittent or regular and may be conducted to the ventricles or blocked. PACs are characterized by an early atrial contraction and less than a full compensatory pause [12,15]. The most common abnormality of fetal heart rhythm (1:400 pregnancies and 2% of 2nd- and 3rd- trimester pregnancies), PACs are usually benign, with no associated hemodynamic compromise, even when they are very frequent [2]. They usually resolve spontaneously in utero or in the early postnatal period. In utero or neonatal supraventricular tachycardia (SVT) can occur in 0.5–2% of fetuses presenting with PACs [3]. The risk of SVT is increased to about 10% when complex ectopy is noted or when the ectopy is re-entrant, with a fixed interval between the normal beat and the early beat and with a bigeminal (blocked atrial bigeminy, Figure 1) or trigeminal pattern [3]. In about 1% of cases, PACs are associated with congenital heart disease, myocarditis, LQTS, cardiomyopathy, or cardiac tumors, like rhabdomyomas [15].



Ventricular ectopy (PVCs) can be distinguished from PACs by earlier contraction of the ventricle rather than the atrium, a regular atrial rate, dissociation of the ventricular contraction from the atrial contraction, and a full post-ectopic compensatory pause in the ventricular-ventricular (VV) interval; there may be associated atrioventricular valve insufficiency on ultrasound [12,15]. PVCs are less common than PACs and are more typically associated with myocarditis, LQTS or other channelopathies, cardiomyopathy, cardiac tumors, or third-degree atrioventricular block, especially when escape rates are <55 bpm [13].



Fetuses with isolated extrasystoles should not demonstrate signs of heart failure. Because of the potential risk of developing SVT in the setting of PACs, especially patterned PACs, some centers recommend frequent obstetrical heart rate monitoring for about 4–5 weeks after diagnosis—until the PACs resolve or until delivery, whichever comes first [12]. But variation in care exists among obstetrical providers and fetal cardiologists. Some, but not all, recommend postnatal EKG and echocardiogram. Delivery at a tertiary care center is rarely indicated. However, mothers with fetal PVCs are often recommended to deliver at a center where postnatal evaluation for baby can include an EKG, echocardiogram, and at least 24 h of continuous telemetry monitoring [3,13]. Further evaluation and follow-up, often in concert with an electrophysiologist, is based on the results of these initial studies.




4. Tachyarrhythmias


Fetal tachyarrhythmias complicate 0.5% of pregnancies and are associated with high morbidity and mortality [13,16,17]. They are one of the few fetal cardiac emergencies. Untreated tachyarrhythmias can cause in utero cardiomyopathy, cardiac failure, hydrops, premature delivery, and fetal demise [16]. Sustained fetal tachycardia with hydrops has a mortality rate as high as 30–50% [18,19], but in the absence of hydrops, tachycardia-related perinatal mortality is much lower (4%) [20]. In utero antiarrhythmic therapy can restore sinus rhythm but poses significant risks to mother and fetus, including fatal pro-arrhythmia [18]. Delivery of a premature, hydropic fetus may be required, with associated high mortality and morbidity, including neurological sequelae [16,20,21,22].



Fetal tachycardia is generally defined by fetal cardiologists as FHR ≥ 180 bpm [12]. However, sustained and/or unvarying FHRs ≥ 160–170 bpm may also be abnormal and warrant treatment [23]. Fetal tachycardias may originate from the sinus node (sinus tachycardia), from the atria (atrial tachycardia or atrial flutter), from an accessory pathway (reentrant tachycardia), or, rarely, from the ventricles (ventricular tachycardia) [12]. Associated congenital heart disease occurs in ~5–10% of fetuses with SVT [1,20,24]. However, in most fetuses with SVT, the reason tachycardia develops is unknown; one study found that maternal thyroid disease was more common in fetuses with SVT compared with controls (odds ratio = 9.8, 95% confidence interval 2.3–42.3) [25].



There are four primary mechanisms that produce SVT (Table 1):




	
Atrioventricular re-entrant tachycardia (AVRT) involving the atrioventricular (AV) node for antegrade conduction and a fast retrograde-conducting accessory AV pathway;



	
Permanent junctional reciprocating tachycardia (PJRT) with re-entry across a concealed slow retrograde-conducting accessory pathway;



	
Ectopic atrial tachycardia (EAT) due to enhanced automaticity of atrial tissue;



	
Atrial flutter (AF) due to a macro-re-entrant pathway within the atrial myocardium and associated with varying degrees of AV block (Figure 2).










 





Table 1. Characteristics of the various types of fetal supraventricular tachycardia (SVT), including typical gestational age (GA) at diagnosis, usual rates, onset and termination of tachycardia, and atrioventricular (AV) relationships. VA, ventricular–atrial; VV, ventricular–ventricular; AVRT/ORT, atrioventricular reentrant tachycardia/orthodromic reciprocating tachycardia; AVNRT, atrioventricular nodal reentrant tachycardia; EAT, ectopic atrial tachycardia; PJRT, permanent junctional reciprocating tachycardia.
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	Short VA SVT (60–70%)

AVRT/ORT

AVNRT
	Long VA SVT

EAT

PJRT
	Atrial Flutter (25–30%)





	
	“Faster and Later”
	“Slower and Earlier”
	“Variable AV Conduction”



	Typical GA at

Diagnosis
	>18 weeks GA
	>12 weeks GA
	>28 weeks GA



	Usual Rates
	210–320 bpm
	170–220 bpm
	Atrial rate 300–550 bpm

Ventricular rate 180–240 bpm



	Onset and

Termination
	
	-

	
Sudden onset/offset




	-

	
Blocks in the AV node and terminates with a non-conducted atrial contraction






	
	-

	
Gradual onset and offset




	-

	
Terminates with a non-conducted ventricular contraction (EAT)






	70% of fetuses with atrial flutter have accessory pathways and may have ORT postnatally



	Atrioventricular (AV) Relationship
	
	-

	
1:1




	-

	
VA interval < ½ of the VV interval




	-

	
VA/AV ratio < 1






	
	-

	
1:1; may be variable (EAT)




	-

	
VA interval > ½ of the VV interval




	-

	
VA/AV ratio > 1






	Variable degrees of AV block (primarily 2:1 or 3:1); fixed ventricular rate








AVRT (60–70%) and atrial flutter (30%) are the most commonly observed SVT types [20,24,26].



SVT can also be categorized into “short” and “long” VA tachycardia based on the relationship of atrial and ventricular contractions [12,27,28]; this distinction has implications for therapy.



	
Short VA SVT (Figure 3 and Figure 4) demonstrates a ventricular–atrial (VA) interval that is less than half of the ventricular–ventricular (VV) interval (VA:AV ratio < 1) and a sudden onset and termination of tachycardia; tachycardia usually terminates with a non-conducted atrial contraction. Short VA SVT includes AVRT (also known as orthodromic reciprocating tachycardia, ORT) and atrioventricular nodal reentrant tachycardia (AVNRT). Short VA SVT typically presents after 18 weeks of gestation.



	
Long VA SVT (Figure 4) demonstrates a VA interval that is more than half of the VV interval (VA:AV ratio > 1). Long VA SVT includes EAT and PJRT. A distinguishing feature of EAT is tachycardia termination with ventricular contraction. Long VA SVT may occur as early as 12 weeks of gestation. Because long VA tachycardias have slower rates, they are less likely to cause hydrops.






Fetal SVT may be sustained or intermittent; tachycardia duration has implications for therapy. Sustained/incessant SVT represents >12 h of uninterrupted tachycardia or tachycardia present ≥50% of the echocardiographic monitoring time (typically ~30 min) [3,18,29]. Intermittent SVT is present ≤50% of the echocardiographic monitoring time or in <12 h of a 24 h fetal monitoring period [3,18,29].



In total, 40% of fetuses with SVT have heart failure/hydrops at presentation [19,20]. Risk factors for developing hydrops include sustained/incessant SVT, AVRT as the tachycardia mechanism, faster ventricular rates, onset of tachycardia before 32 weeks of gestation, and co-occurrence of structural heart disease [19,26].



Fetal tachycardia type and associated signs of hemodynamic compromise (hydrops, cardiomegaly, atrioventricular valve regurgitation, altered ductus venosus flow patterns, and ventricular dysfunction) are important determinants of outcome. The ductus venosus, which is often a sensitive marker of fetal well-being, is difficult to interpret during tachycardia, as it is typically abnormal when the fetal heart rate exceeds 210 bpm [30]. A to–fro flow pattern is usually observed in (and may be a diagnostic marker of) short VA tachycardia, which is also more commonly associated with hydrops (Figure 5).



Fetuses with SVT are at risk for preterm delivery by cesarean section, with its associated morbidities and mortalities. Treatment of fetal SVT is conducted with the goal of conversion to normal sinus rhythm or with the goal of achieving a normal ventricular rate to increase cardiac output and decrease the risk of and/or resolve hydrops [29,31]. Successful cardioversion can facilitate term, vaginal delivery and should be the goal in the current era [32]. Intermittent SVT without hydrops or other signs of hemodynamic compromise may not require treatment but close fetal monitoring is recommended [29].



Gestational age at tachycardia presentation, tachycardia mechanism and duration, associated fetal hydrops/hemodynamic compromise, and maternal risk factors for tolerating therapy are important to consider when choosing whether to initiate fetal anti-arrhythmic therapy or to proceed with premature, Cesarean section delivery and when choosing the type of anti-arrhythmic therapy [29]. In a recent multicenter study, Holmes et al. evaluated 37 pregnancies presenting in sustained tachycardia ≥35 weeks of gestation and treated with transplacental anti-arrhythmic therapy [32]. In-utero treatment restored sinus rhythm in 35 (95%) fetuses at a median of 2 (range, 1–17) days, including three of four hydropic fetuses [32]. The authors concluded that in-utero treatment of the near term and term fetus with SVT is highly successful even in the presence of hydrops, allowing vaginal delivery closer to term and avoiding unnecessary Cesarean section [32].



Most types of fetal SVT are treatable; even in hydropic fetuses, survival rates of 80–90% are achievable with current approaches to therapy [19,23], but it is important to remember that both mother and fetus can be affected by the therapy. Current pharmaceutical agents are administered “off-label” via the maternal circulation (“transplacental therapy”) or directly into the fetus to treat fetal SVT. Propranolol was first used to treat fetal tachycardia in 1975 but is no longer thought to be efficacious at currently recommended maternal doses [29]. In the current era, the primary antiarrhythmic agents used for treating fetal SVT include digoxin, sotalol, and flecainide (Table 2) [19]. Amiodarone is typically reserved for refractory tachycardia with hydrops given its significant side effect profile [19,33]. Procainamide, verapamil, and quinidine are no longer recommended to treat fetal SVT [29,34].



In a retrospective multicenter study comparing non-randomized treatment to digoxin, sotalol, and flecainide, tachycardia mechanism and duration, presence of associated hydrops/fetal hemodynamic compromise, and choice of first-line therapy significantly influenced fetal response to therapy [19]. Digoxin or flecainide is currently considered a first-line therapy for reentrant SVT/AVRT [19,35], while sotalol is currently considered to be the best first-line therapy for fetal atrial flutter [19,36,37,38]. Because flecainide can increase the ventricular response and cause ventricular pro-arrhythmias, it is not usually used to treat atrial flutter [18]. Ectopic atrial tachycardia often responds best to flecainide or digoxin [29,35], while PJRT is often best treated with flecainide or sotalol [29,39]. EAT and PJRT can be more difficult to treat than AVRT. Treatment of a hydropic fetus usually requires combination therapy. The combination of digoxin and sotalol is thought to be more effective for treatment of atrial flutter in the setting of fetal hydrops, while digoxin and flecainide are thought to be the best combination for reentrant SVT/AVRT [19]. Two recent meta-analyses evaluating transplacental SVT therapies found that flecainide was more effective than digoxin at converting fetal reentrant SVT to sinus rhythm, especially in the setting of fetal hydrops [19,40,41]. A prospective, multi-center study (Fetal Atrial Flutter and Supraventricular Tachycardia (FAST) therapy trial; www.fasththerapytrial.com; https://clinicaltrials.gov/study/NCT02624765, all accessed on 19 May 2024) to assess safety and efficacy of these agents is currently underway and promises to add clarity to first-line therapy choice for fetal SVT and atrial flutter.



Amiodarone been shown to be effective for conversion of reentrant SVT, ventricular tachycardia, and junctional tachycardia but less effective for atrial flutter [42]. When this therapy is used, discontinuation of therapy after the fetus has had resolution of hydrops, sustained sinus rhythm for 3 consecutive weeks, and/or by 34–35 weeks of gestation is recommended to minimize postnatal complications [33]. Thyroid function tests are recommended for mother and baby at birth, 2 weeks of age, and then monthly for the first 3 months of life because of the risk of neonatal hypothyroidism [33,43,44].



Direct fetal treatment with digoxin or amiodarone can be performed with cordocentesis (risk for cardiac arrest and fetal demise from cord injury), intramuscular (preferred; to fetal thigh or buttock), or intraperitoneal injection [45,46]. This form of SVT therapy is typically reserved for refractory tachycardia in severely hydropic fetuses [46]. Rarely, direct administration of adenosine is used to terminate fetal tachycardia [47].



Prior to initiating fetal therapy, maternal assessment with EKG, +/−echocardiography, serum electrolytes, complete blood count, TSH/fT4, 25(OH)-vitamin D level, renal function, and liver function is recommended [23]; evaluation for anti-Ro/SSA antibodies is recommended for fetal atrial flutter due to its association with immune-mediated carditis [48,49]. Correction of underlying maternal electrolyte abnormalities (calcium, potassium, and magnesium) and treatment of vitamin D deficiency can facilitate pharmaco-conversion of fetal SVT and help maintain sinus rhythm once conversion occurs [2].



Treatment of fetal SVT is primarily transplacental (given orally or intravenously to the mother) and vigilant monitoring for fetal and maternal adverse events, including pro-arrhythmia, is important [34]. Pharmacologic therapy is usually initiated in the hospital because of the risk for life-threatening pro-arrhythmias. Inpatient monitoring often includes continuous cardiac monitoring for both mother and fetus for at least 48–72 h (5–6 doses of therapy), daily EKGs, frequent electrolyte evaluation, and periodic measurement of drug levels (especially for digoxin and flecainide) [34]. Typically, in a non-hydropic fetus, 48–72 h of observation to assess fetal response to a maternal therapy are recommended before trialing a different agent [19]. Once cardioversion or rate control is achieved, transplacental therapy is usually continued until delivery; sometimes, a lower maintenance dose can control tachycardia while minimizing side effects and pro-arrhythmia for both mother and fetus [34].



Monitoring fetuses after SVT conversion is important as fetal diuresis after SVT conversion can cause rapid, progressive polyhydramnios and preterm labor in up to 40% of fetuses [2]. Additionally, SVT and atrial flutter can recur in utero (rates as high as 44% for SVT and 26% for atrial flutter in the Miyoshi study) despite conversion to a normal ventricular rate and in the setting of maintenance therapy [31,50]. Home fetal heart rate monitoring using a handheld Doppler can detect recurrence of fetal tachycardia after successful conversion and is a maternally-empowering adjunct to in-office monitoring and fetal echocardiography [51].



Despite vigilant fetal and maternal monitoring, fetal deaths, even in non-hydropic fetuses, have been reported in virtually every published series of fetal SVT treatment [34]. These deaths have been reported with escalation of a drug dose but have also been observed after weeks of SVT control with a stable dose. This raises concern about the potential of various anti-arrhythmic agents to cause a new arrhythmia or worsen the existing arrhythmia [52]. Because sotalol and flecainide reach concentrations many times higher in amniotic fluid compared to in maternal serum, fetal toxicity can occur (through fetal swallowing of amniotic fluid) without maternal evidence of toxicity [53,54]. This emphasizes the importance of more universal access to fMCG, a tool that can measure fetal repolarization abnormalities (QRS widening, QTC prolongation, T wave abnormalities), especially during prolonged treatment exposures to flecainide, sotalol, or amiodarone [52]. Additionally, it is important when treating fetal tachycardia to use the lowest effective dose and monotherapy when possible [34].



Successful cardioversion of fetal SVT can facilitate term, vaginal delivery and should be the goal in the current era, but it is important to remember that SVT can recur postnatally even when in utero control is achieved [55]. There appear to be few prenatal predictive factors for postnatal recurrence of SVT. In a study by Moodley, et al., two thirds of fetuses with SVT demonstrated postnatal tachycardia, mostly within the first 48 h of life [56], and 44% of those who converted to sinus rhythm prenatally demonstrated SVT postnatally [56]. Hinkle et al. found a 61% postnatal recurrence rate of SVT in their cohort, with a strong correlation between postnatal SVT and a later gestational age at fetal SVT diagnosis (median EGA 30 vs. 27.5 weeks, p = 0.006) [57]. Strasburger, et al. reported that 50% of infants with fetal SVT require no antiarrhythmic treatment postnatally; encouragingly, even more outgrow the need for medications by 1 year of age [3,13,26,58]. Atrial flutter is less likely to occur postnatally than reentrant SVT; once sinus rhythm has been established, recurrence of atrial flutter is rare in the absence of congenital heart disease [36]. However, some children who have reentrant SVT postnatally had atrial flutter in utero [58,59]. Only a small percentage of children (~10%) with fetal tachycardia are found to have Wolff–Parkinson–White syndrome/pre-excitation postnatally [20,60]. Careful screening for postnatal SVT is recommended in all newborns who had SVT in utero.



Sinus tachycardia is also a type of long-VA tachycardia. It is usually characterized by FHRs of 160–200 bpm with preserved heart rate variability and 1:1 AV conduction. Etiologies include hyperthyroidism/fetal thyrotoxicosis, myocarditis, anemia, hypoxia, acidosis, and exposure to maternal stimulants [12]. Treatment involves addressing the underlying cause.



Junctional (JET) and ventricular (VT) tachycardias are less common and are sometimes misdiagnosed as supraventricular tachycardias, but differentiating them has important implications for therapy and survival [61,62]. Ventricular tachycardias are characterized by VA dissociation with a slower atrial rate and variable AV and VA intervals [14]. Treatment of VT depends on whether LQTS is suspected. While sotalol and amiodarone can successfully restore sinus rhythm for VT without LQTS, they can prolong the QTc interval and worsen torsades de pointes in fetuses with LQTS [34].




5. Bradyarrhythmias


While a sustained FHR < 110 bpm has traditionally been used to diagnosis fetal bradycardia, research from the last decade has revised the definition based on gestational age and has improved our recognition of fetal bradyarrhythmias [2]. Because FHRs are gestational-age dependent and decrease as gestation progresses, FHRs persistently <3rd percentile for gestational age more accurately identify conduction disease [8]. According to Winbo et al., as a marker for LQTS, a mean FHR ≤ 133 bpm in the third trimester has a high specificity (>97%) but low sensitivity (<50%) [63]. Sinus bradycardia is the arrhythmia most associated with long QT syndrome and has been the reason for diagnosis in ~40% of cases [64,65].



Sinus bradycardia is usually identified by persistent FHRs 90–130 bpm, regular atrial rates, and 1:1 AV conduction [2]. Etiologies for sinus bradycardia include, maternal hypothyroidism, effects from maternal medications (beta-blockers, anti-thyroid medications, methadone), anti-Ro/SSA mediated sinus node dysfunction, myocarditis, metabolic disorders (Pompe disease), Holt–Oram syndrome (TBX5 mutations; associated with right atrial enlargement, limb abnormalities, sinus bradycardia, and first-degree atrioventricular block), NKX2.5 mutations (Figure 6), LQTS and other heritable channelopathies or inherited bradycardia syndromes, fetal CNS abnormalities, fetal severe growth restriction or distress, and umbilical cord compression (usually transient and iatrogenic from the ultrasound probe) [2,9,66]. No treatment is recommended for fetal sinus or low atrial bradycardia, but diagnostic evaluation and monitoring are recommended [2].



Blocked atrial bigeminy (BAB) is a type of patterned premature atrial contractions in which every other atrial beat is non-conducted to the ventricles (Figure 7). This bradyarrhythmia is characterized by irregular atrial rates, with alternating short and long atrio-atrial (a-a’) intervals, and slower ventricular rates (60–90 bpm) than in sinus bradycardia [67]. While blocked atrial bigeminy is a benign arrhythmia, it increases the risk for developing supraventricular tachycardia to ~10% [12,15]. A postnatal EKG is recommended; for blocked atrial bigeminy that persists to delivery, 24 h continuous telemetry monitoring or 24 h Holter monitor after birth evaluates the risk for ectopic atrial tachycardia [15].



Second (2°)- or third (3°)-degree atrioventricular (AV) block is differentiated from blocked atrial bigeminy by a regular atrial rate with AV dissociation and slower ventricular rates (50–70 bpm); this is often best appreciated by hepatic venous Dopplers (Figure 8). The heart rate normalized a-a’ interval is 0.29 for BAB and 0.5 for 2°-AV block [68]. The isovolumic contraction time may be prolonged in 2°-AV block but not in BAB [67]. Etiologies of AV block include autoimmune-mediated (maternal anti-Ro/SSA antibodies), non-immune-mediated, congenitally corrected transposition of the great arteries (l-looped ventricles), heterotaxy syndromes (especially left atrial isomerism), and transient, benign AV block [69,70]. Third-degree AV block with associated complex congenital heart disease (ccTGA, left atrial isomerism) is associated with a mortality of ~100% in the presence of hydrops [69].



5.1. Long QT Syndrome and Other Channelopathies


The most lethal cardiac rhythm disturbances occur during normal rate and regular rhythm and are due to depolarization and repolarization abnormalities [71]. Channelopathy gene mutations have reportedly been found in 8.8% of intrauterine fetal demise and ~10% of sudden infant death [65,72,73]; however, recent data suggest that LQTS is a rare cause of sudden infant death syndrome [74]. Fetal heart rates < 3rd percentile for gestational age and a family history of fetal/neonatal demise or sudden unexplained death are keys to identifying these “silent” arrhythmias [8,64].



Long QT syndrome may present in utero with sinus bradycardia (most commonly) and prolongation of the left ventricular isovolumic relaxation time [75], functional 2°-AV block (because repolarization is so prolonged, atrial contraction initiates before ventricular repolarization ends), and ventricular tachycardia/torsades de pointes, characterized by variable V-V intervals during tachycardia and changing ventricular outflow Doppler amplitudes [71,76]. It is important to screen for a family history of generalized seizures, recurrent syncope, sudden death, unexplained accidental death from drowning or car accident, unexplained fetal loss, fetal sinus bradycardia, neural deafness, or syndactyly [64,66]. De novo variants (Figure 9), especially in SCN5A, have been strongly associated with complex arrhythmias (AV block with 3:1 conduction, QRS alternans in 2:1 AV block, slow monomorphic ventricular tachycardia, and long-cycle length torsades) and perinatal death [77]. Rare heritable bradycardia syndromes, including those due to SCN5A (LQTS3 and Brugada syndrome), HCN4 (familial sick sinus syndrome), CACNA1D, RYR2, CASQ2, MYH6, and ANK2, may present with low atrial or junctional bradycardia [9,78,79].



Fetal diagnosis of LQTS and other channelopathies can decrease the risk for intrauterine fetal demise and premature delivery (sinus bradycardia or ventricular bradycardia due to functional 2°-AV block is often misinterpreted as fetal distress), can allow for fetal therapy (even the hydropic fetus with ventricular tachycardia can be successfully treated in utero) and maternal avoidance of QTc prolonging medications (oxytocin and ondansetron) to prevent fetal torsades, and can identify affected family members without apparent symptoms (Figure 10) [65]. Ventricular tachycardia associated with LQTS and other channelopathies can be treated in utero with transplacental IV magnesium (first-line therapy), propranolol, lidocaine, and/or mexiletine [66,80].



A management approach to fetal sinus bradycardia and suspected channelopathy, includes periodic echocardiograms (every 2 weeks × 2 and then every 4 weeks until delivery), home fetal heart rate monitoring (2–3 times daily to detect 2:1 AV block or torsades), periodic biophysical profiles (especially to assess the baseline fetal heart rate prior to labor and delivery), and fetal magnetocardiography (fMCG) to measure the QTc and evaluate for late premature ventricular contractions or torsades (Figure 11) [66,76,77]. It also important to obtain parental EKGs, review the maternal medication list for any QT prolonging drugs, and correct low maternal calcium, magnesium, and 25-OH-vitamin D levels [2]. No fetal therapy, but observation is recommended, for sinus or low atrial bradycardia [2]. Delivery at a tertiary care center is recommended if the QTc on fMCG is >580 msec, if there have been torsades or persistent 2:1 AV block, and if cardiac pacing may be needed postnatally. EKG, 24 h telemetry monitoring, and evaluation by a pediatric cardiologist/electrophysiologist are important aspects of postnatal care, with postnatal genetic testing for LQTS, Brugada syndrome, and other channelopathies [2]. Cascade genetic testing is recommended for parents and first-degree relatives of positive cases [9]. Because of the very significant association between fetal sinus bradycardia and channelopathies, Chaudhry-Waterman et al. have recommended genetic testing for infants with a history of FHR < 3rd percentile for gestational age even if the postnatal ECG demonstrated a normal QTc interval [9]; some experts also advocate for amniocentesis and prenatal genetic testing to help guide fetal therapy and to determine familial risk when the low risk of amniocentesis is determined to be negligible compared to the knowledge gained [81,82].




5.2. Anti-Ro/SSA Mediated Heart Block


Fetal cardiac neonatal lupus (C-NL), also known as congenital complete heart block, is a disease of the second trimester associated with maternal anti-Ro/SSA antibodies [83,84,85]. Anti-Ro/SSA antibodies can cross the placenta as early as 11 weeks of gestation and cause inflammation, fibrosis, and calcification of the conduction system leading to AV block, cardiomyopathy, valvulitis, endocardial fibroelastosis, pericardial effusion, and hydrops (Figure 12, Figure 13 and Figure 14); extranodal disease often coincides or heralds the development of AV block but may occur in its absence [83,84,85]. Other arrhythmias that may occur in the presence or absence of AV block include JET, atrial flutter, ventricular arrhythmias, sinus bradycardia/sinus node dysfunction, and QT prolongation [48,86]. Complete, 3°-AV block is irreversible and has significant associated mortality and morbidity, with most (>70%) postnatal survivors requiring permanent cardiac pacing and with a ~10% risk of concomitant cardiomyopathy requiring cardiac transplantation [85,87]. Risk factors for neonatal death include premature delivery (<32 weeks of gestation), low ventricular escape rate (<55 bpm), endocardial fibroelastosis, cardiac dysfunction, and hydrops [88,89].



Prevalence of maternal anti-Ro/SSA antibodies is 0.9% [90]. Fetal C-NL (AV block and/or cardiomyopathy) occurs in ~1:20,000 live births and results in death in one fifth of cases [83,84,89]. The risk of fetal C-NL is 2% unless a previous offspring has been affected, which raises the risk to 18% [83,84,85]. High antibody titers are necessary but not sufficient for fetal C-NL and appear unrelated to maternal rheumatologic symptoms [91,92]. One study found that mothers with hypothyroidism/anti-thyroglobulin antibodies had a 9-fold increased risk of fetal heart block compared to mothers with anti-Ro/SSA antibodies alone [93]. Published data suggests that over 50% of fetuses who develop fetal C-NL are in mothers who were unaware that they have anti-Ro/SSA antibodies [83,84].



Transition from sinus rhythm to 3°-AV block or cardiomyopathy usually occurs between 18- and 25-weeks of gestation and can be rapid (<12 h) [94,95]. During this transition period, when the fetus is in 2°-AV block, emerging data suggest that treatment with intravenous immunoglobulin (IVIG, 1 g/kg maternal weight, max 70 g) and oral dexamethasone (8 mg/day for 10 days; 4 mg/day through 28 6/7 weeks; then 3 mg/day from 29 weeks to 29 6/7 weeks; then 2 mg/day until delivery) may halt progression to 3°-AV block and potentially restore normal sinus rhythm (Figure 15) [80,95,96]. Once 3°-AV block develops, treatment with IVIG and dexamethasone will not restore conduction but may improve survival and long-term outcomes by modifying the inflammatory damage to the myocardium, valves, and endocardium and by resolving associated hydrops [96,97,98].



Indications for dexamethasone include 1°-AV block with signs of myocardial inflammation, 2°-AV block, 3°-AV block with hydrops or myocardial inflammation, and other arrhythmias (JET, atrial flutter, or ventricular arrhythmias) in the presence or absence of AV block [80,97,98,99]. Potential side effects of dexamethasone, for which some have argued against its use, include fetal growth restriction, oligohydramnios, adrenal suppression, possible learning disabilities/decreased brain growth, and maternal risk glucose intolerance [29,100,101]. Indications for IVIG include 2°-AV block or 3°-AV block with hydrops or myocardial inflammation [97]. Repeat doses 2–4 weeks after the initial dose may be indicated if there are still signs of active cardiac inflammation [96]. β-adrenergic agents (oral terbutaline 5 mg every 6 h) may be used to increase low fetal heart rates (<55 bpm), especially in the setting of cardiac dysfunction or hydrops, but with varying reports of survival benefit; mothers taking terbutaline may experience palpitations necessitating dose reduction [29,101,102]. Low maternal 25(OH)-vitamin D, calcium, and magnesium levels may increase the risk of arrhythmias in fetal C-NL and should be treated [103]. Hydroxychloroquine has been shown to reduce the recurrence risk of fetal AV block by ~50% in mothers who have had a child previously affected by anti-Ro/SSA mediated fetal C-NL; this drug, started before 10 weeks of gestation, is recommended for secondary prevention of fetal cardiac disease in anti-SSA/Ro-exposed pregnancies [104].



Risk stratification through maternal anti-Ro/SSA titer levels and home surveillance using fetal handheld Doppler monitors are now increasingly being used by providers caring for anti-Ro/SSA positive pregnancies [105]. In 4 cases of 2°-AV block identified by home fetal heart rate monitoring and treated with dexamethasone and IVIG in <12 h, AV block reversed [95]. This data, as well as other studies evaluating the use of dexamethasone and IVIG in modulating disease severity in fetuses and infants with C-NL, recognizes the need to identify and treat disease expediently to improve outcomes [80,95,96]. Fetuses/infants who present with 3°-AV block because of unknown maternal anti-Ro/SSA antibody status are unlikely to have the same benefits of therapy as fetuses/infants whose conduction and/or extranodal diseases are identified and treated early and rapidly [83,98].



According to the 2014 American Heart Association Scientific Statement on the Diagnosis and Treatment of Fetal Cardiac Disease, fetal echocardiographic screening of anti-Ro/SSA positive pregnancies is recommended either weekly or biweekly to surveil for development of fetal C-NL [29]. A statement from the Society for Maternal-Fetal Medicine in 2023 on systemic lupus erythematosus in pregnancy challenged the need for fetal echocardiographic screening for assessment of mechanical PR intervals and the benefit of routine steroid use to treat fetal AV block [106]. In 2020, investigators launched the NIH-supported prospective study, “Surveillance and Treatment to Prevent Fetal Atrioventricular Block Likely to Occur Quickly (STOP BLOQ; ClinicalTrials.gov: NCT04474223)”, to optimize the likelihood of timely detection of fetal C-NL using home fetal heart rate monitoring and institute early treatment when indicated. The SLOW HEART REGISTRY of Fetal Immune-mediated High-Degree Heart Block (ClinicalTrials.gov: NCT04559425) also launched in 2020 as a multi-center, observational study to prospectively compare outcomes through the first 3 years of life between steroid-treated and untreated fetuses with anti-Ro/SSA mediated 2°- or 3°-AV block.



The prognosis for children with heart block is generally good, but in some cases the condition is fatal. Overall, older studies have reported a 10–30% perinatal mortality (with 31% of deaths occurring in utero and 68% in the first year) [83,84,92]. Survivors with 3°-AV block require permanent pacing (at least 50% in the first year after birth) [89]. Additionally, there is a long-term risk of developing dilated cardiomyopathy (5–23%, and can occur pre- or postnatally), and/or requiring a heart transplantation [83,107]. However, a recent study by Mawad et al. reported a low risk of perinatal mortality (95% fetal and 93% neonatal survival) and postnatal cardiomyopathy in 130 fetuses who received transplacental dexamethasone from the time of diagnosis of C-NL (started at a median age of 22.4 weeks of gestation); co-treatment with IVIG improved neonatal survival to 100% [96]. These authors reported that the following variables at C-NL diagnosis were associated with perinatal death: “atrial rate < 90 bpm (odds ratio (OR), 258.4; 95% CI, 11.5–5798.9; p < 0.001), endocardial fibroelastosis (OR, 28.9; 95% CI, 1.6–521.7; p < 0.001), fetal hydrops (OR, 25.5; 95% CI, 4.4–145.3; p < 0.001), ventricular dysfunction (OR, 7.6; 95% CI, 1.5–39.4; p = 0.03), and a ventricular rate < 45 beats per minute (OR, 12.9; 95% CI, 1.75–95.8; p = 0.034)” [96]. They concluded that “routine transplacental treatment of cardiac NLE (C-NL), including the use of steroids ± IVIG ± a β-adrenergic agent, reduces the risk of perinatal death and the postnatal development of DCM (dilated cardiomyopathy); although fetal growth restriction was observed in 30% of their patients, it did not affect age at delivery, postnatal survival, or neurodevelopmental outcomes [96].



C-section delivery at a tertiary care center is recommended in the setting of 3°-AV block, because fetal heart rate changes/variability during vaginal labor and delivery cannot be monitored. The pediatric electrophysiology and cardiothoracic surgery teams should be included in delivery planning in case emergent pacing is needed, especially if there is hydrops or FHR < 60 bpm [29].



Because of the perinatal morbidity and mortality associated with fetal heart block, attempts were first made at in utero pacing for 3°-AV block in 1986 [108]; efforts to develop fetal pacing continue. Ongoing research seeks to improve the technology of in utero pacing by developing specially-designed artificial pacing systems, including fully implantable micro-pacemakers [109], and by determining the optimal route for placement of these systems, including fetoscopic methods [110]. Choi et al. are investigating biological technologies that implant engineered tissue into the fetal heart to create an alternative atrioventricular conduction pathway [111]. In 2023, Dr. Charles Berul et al. reported successful use of a modified implantable pulse generator utilizing the technology of the Medtronic MicraTM leadless pacing system to provide cardiac pacing for five small, premature neonates (EGA at birth 28.5–36 weeks; 1.35–2.68 kg weight at pacemaker implantation) [112].



Certainly, variation in prenatal surveillance and management of anti-Ro/SSA antibody positive pregnancies and in postnatal care strategies exists [113]. The ongoing work of multiple investigators in fetal cardiology, rheumatology, obstetrics, maternal–fetal medicine, and electrophysiology seeks to clarify monitoring and treatment recommendations for both mothers and fetuses affected by anti-Ro/SSA antibodies.





6. Diagnostic Tools


Technologies for diagnosis and managing pregnancies complicated by fetal arrhythmias continue to evolve in the current era. Fetal cardiotocography, a continuous recording of the fetal heart rate using an ultrasound transducer placed on the mother’s abdomen, has been widely used to assess fetal well-being during labor since the 1960s [6]. This technology is also widely used to perform non-stress testing after 28–32 weeks of gestation to monitor high-risk pregnancies, including those complicated by fetal arrhythmias [6]. A pressure transducer evaluates fetal movement, and a Doppler transducer monitors fetal heart rates. The Monica AN24 is a portable device for monitoring fetal heart rate and uterine activity; it has the highest signal success in the second trimester and lowest in the early third trimester [114]. This technology is also being used to measure fetal cardiac time intervals with variable success [115].



Fetal heart rate auscultation by handheld Doppler is routinely used in the obstetrical office to assess fetal heart rate as a marker for well-being. The Fetal Heart Sounds at Home study demonstrated the feasibility of using home fetal heart rate monitoring to identify heart rate and rhythm irregularities in mothers with anti-Ro antibodies, which was empowering to the mothers [51,116].



Fetal electrocardiography (fECG) historically suffers from a low signal to noise ratio with difficulty distinguishing the low-amplitude fetal electrocardiographic signal from the maternal signal [2]; fetal movement, fetal orientation, maternal factors, and environmental noise influence signal processing. In 2020, Sethi, et al. reported successful use of a noninvasive fECG device with blind source separation (IRISTM; Atom Medical Company, Tokyo, Japan) in three cases of clinically suspected LQTS [117]. Their fECG system had high diagnostic accuracy compared to current gold-standard tests of fMCG and postnatal testing [117]. More recently, the group from Children’s National described a new frequency-based technique for attenuating the maternal ECG to enhance and extract the fECG [118]. Ongoing efforts utilize artificial intelligence, including artificial neural networks and deep learning models, to detect fetal arrhythmias [119,120,121,122].



Echocardiography is the primary tool for diagnosing fetal arrhythmias. M-mode (through atria and ventricles) and pulse wave Doppler (left ventricular inflow and outflow, SVC and ascending aorta/innominate vein and transverse aorta, pulmonary artery and pulmonary vein) are used to determine the atrial and ventricular rates, the relationship of atrial and ventricular contractions, and the onset and termination of the arrhythmia [14,123,124,125,126]. The challenge of using ultrasound to diagnose fetal arrhythmias is that electrical activity must be inferred from mechanical events [14]. Atrial and ventricular wall motion (M-mode) or venous and atrial flow signals (pulse Doppler) are used to define atrial (P wave) and ventricular (QRS wave) depolarization [14], but electromechanical dysfunction has been reported with several types of arrhythmias, including atrial flutter (AF) [2]. Intermittent myocardial akinesia or hypokinesia can mimic absence of P or QRS waves when they are truly present [2]. When atrial and ventricular contractions occur simultaneously (as in AV block), the atrial contraction can be missed when the atrioventricular valve is closed [127]. Mechanical rhythm then does not always accurately reflect the electrical rhythm. Fetal position, activity, and image resolution can also limit echocardiographic assessment of fetal rhythm. When simultaneous assessment of atrial and ventricular motion cannot be made by traditional M-mode, color M-mode allows the aortic outflow Doppler signal to overly the M-mode atrial signal; mechanical and flow events are displayed simultaneously [127]. This technique can be especially helpful in understanding atrial and ventricular relationships in tachycardia. Doppler sampling in the ductus venosus is often used to assess fetal well-being, but in the setting of fetal tachycardia, ductus venosus flow patterns can help determine tachycardia mechanism [30,128].



Fetal magnetocardiography (fMCG) is another tool for fetal arrhythmia evaluation, which uses superconducting quantum interference device (SQUID) magnetometers to safely and non-invasively measure magnetic fields generated by electrical currents in the fetal heart [2,129,130]. Fetal MCG recordings capture each of the cardiac time intervals (P, QRS, and T waves, RR, PR, and QT intervals) in almost all fetuses over 24 weeks of gestation, and QRS and RR intervals in most fetuses over 17 weeks of gestation [29,131]. By clearly identifying P, QRS, and T waves, fMCG can accurately distinguish types of fetal arrhythmias, monitor the cardioactive effects of anti-arrhythmic drug therapy (including drug effect or toxicity), quantify fetal heart rate variability, and assess cardiac conduction times [130,132]. Currently, these studies must be performed within magnetically shielded rooms to attenuate magnetic interference from external sources, so fMCG is primarily a research tool and is not widely available [29,132]. Portable optically pumped magnetometers are a promising new technology that have the potential to greatly increase the clinical utilization of fetal magnetocardiography and improve fetal electrophysiologic assessment [133].




7. Multidisciplinary Collaboration and the Maternal-Fetal Dyad


Pharmacologic management of fetal arrhythmias remains one of the most successful achievements of fetal intervention. Multidisciplinary collaboration is key to successful diagnosis and treatment as both mother and fetus need expert care [4,5]. In the current era, interdisciplinary cardio-obstetrical teams, including obstetricians, specialists in maternal-fetal medicine, fetal/pediatric cardiologists, electrophysiologists, adult cardiologists with interest in cardio-obstetrical care, neonatologists/pediatricians, geneticists/genetics counselors, nurses/care coordinators, and social workers, support the care of pregnancies affected by fetal arrhythmias [134]. Rheumatologists support the care of mothers and fetuses affected by anti-Ro/SSA antibodies and endocrinologists add expertise in pregnancies affected by thyroid disease or complicated by side effects of amiodarone. Medical physicists, device developers, and bioengineers are also part of the interdisciplinary fetal arrhythmia team, developing new diagnostic and therapeutic technologies and using pharmacologic and electrophysiologic computational modeling to optimize transplacental drug treatments. Experts in pharmacology and pharmacogenomics can provide valuable insight into effective transplacental anti-arrhythmic therapy that limits toxicity to mother and fetus [82].



Putra et al. recently reported on pharmacogenomic-guided prenatal drug therapy for a maternal/fetal dyad with a severe fetal arrhythmia secondary to a de novo channelopathy [82]. Their multidisciplinary cardio-obstetrics team collaboratively provided “personalized medicine” to reduce drug toxicity and improve drug efficacy [82]. Individualized care using pharmacogenomics may be part of the future of fetal arrhythmia management.



It is well known that maternal health influences fetal heart rate and rhythm, including medication effects, thyroid disease (especially Grave’s disease), infection, placental dysfunction, autoimmune diseases (especially Sjogren’s syndrome and lupus), and inherited arrhythmias like LQTS [5]. Importantly, fetal arrhythmias may reveal undiagnosed maternal diseases [5]. Recognizing subtle differences in FHR or rhythm may lead to identification of potentially lethal conduction system abnormalities in the mother [65]. Fetal arrhythmia management in the current era understands the importance of caring for the maternal–fetal dyad and utilizes multidisciplinary clinical expertise and technological advances to do so [5].




8. Conclusions


Diagnosis and management of fetal arrhythmias have changed over the past 40–50 years with the advent of new technologies, improvement in therapeutic approaches, and recognition of the impact of subtle heart rate and rhythm differences on maternal and fetal health. As we expand the envelope of fetal intervention in the current era, pharmacologic management of fetal arrhythmias remains one of the most successful achievements in fetal therapy. Working to achieve term, vaginal deliveries involve not only thoughtful prenatal care but also careful and collaborative delivery planning, recognizing the ongoing care that may be needed for both mother and fetus in the perinatal period. Multidisciplinary research, including development of diagnostic and therapeutic technologies; basic science, genetic, and biomarker research; multicenter, prospective therapy trials; and registries and consortiums, continues to inform and improve the clinical care of mothers and fetuses affected by arrhythmias. Importantly, patience, vigilance, and interdisciplinary collaboration are key to successful diagnosis and treatment of fetal arrhythmias.







Author Contributions


Conceptualization and original manuscript preparation, S.A.S.K.; editing and supervision, J.F.S. All authors have read and agreed to the published version of the manuscript.




Funding


J.F. Strasburger is funded by NIH RO1 HL063174 (PI—Wakai) and NIH RO1 HL143485 (PI—Strasburger).




Conflicts of Interest


The authors above do not have any conflicts of interest to disclose. We will be discussing off-label uses of medications to treat fetal arrhythmias.




References


	



Hornberger, L.K.; Sahn, D.J. Rhythm Abnormalities of the Fetus. Heart 2007, 93, 1294–1300. [Google Scholar] [CrossRef] [PubMed]

	



Wacker-Gussmann, A.; Strasburger, J.F.; Cuneo, B.F.; Wakai, R.T. Diagnosis and Treatment of Fetal Arrhythmia. Am. J. Perinatol. 2014, 31, 617–628. [Google Scholar] [CrossRef] [PubMed]

	



Strasburger, J.F.; Cheulkar, B.; Wichman, H.J. Perinatal Arrhythmias: Diagnosis and Management. Clin. Perinatol. 2007, 34, 627–652. [Google Scholar] [CrossRef] [PubMed]

	



Strasburger, J.F.; Eckstein, G.; Butler, M.; Noffke, P.; Wacker-Gussmann, A. Fetal Arrhythmia Diagnosis and Pharmacologic Management. J. Clin. Pharmacol. 2022, 62 (Suppl. 1), S53–S66. [Google Scholar] [CrossRef] [PubMed]

	



Veduta, A.; Panaitescu, A.M.; Ciobanu, A.M.; Neculcea, D.; Popescu, M.R.; Peltecu, G.; Cavoretto, P. Treatment of Fetal Arrhythmias. J. Clin. Med. 2021, 10, 2510. [Google Scholar] [CrossRef] [PubMed]

	



ACOG Practice Bulletin No. 106: Intrapartum Fetal Heart Rate Monitoring: Nomenclature, Interpretation, and General Management Principles. Obstet. Gynecol. 2009, 114, 192–202. [CrossRef] [PubMed]

	



Pildner von Steinburg, S.; Boulesteix, A.-L.; Lederer, C.; Grunow, S.; Schiermeier, S.; Hatzmann, W.; Schneider, K.-T.M.; Daumer, M. What Is the “Normal” Fetal Heart Rate? PeerJ 2013, 1, e82. [Google Scholar] [CrossRef] [PubMed]

	



Mitchell, J.L.; Cuneo, B.F.; Etheridge, S.P.; Horigome, H.; Weng, H.-Y.; Benson, D.W. Fetal Heart Rate Predictors of Long QT Syndrome. Circulation 2012, 126, 2688–2695. [Google Scholar] [CrossRef] [PubMed]

	



Chaudhry-Waterman, N.; Dara, B.; Bucholz, E.; Londono Obregon, C.; Grenier, M.; Snyder, K.; Cuneo, B.F. Fetal Heart Rate < 3rd Percentile for Gestational Age Can Be a Marker of Inherited Arrhythmia Syndromes. J. Clin. Med. 2023, 12, 4464. [Google Scholar] [CrossRef]

	



Batra, C.M. Fetal and Neonatal Thyrotoxicosis. Indian J. Endocrinol. Metab. 2013, 17, S50–S54. [Google Scholar] [CrossRef]

	



Bohîlțea, R.-E.; Mihai, B.-M.; Szini, E.; Șucaliuc, I.-A.; Badiu, C. Diagnosis and Management of Fetal and Neonatal Thyrotoxicosis. Medicina 2022, 59, 36. [Google Scholar] [CrossRef] [PubMed]

	



Srinivasan, S.; Strasburger, J. Overview of Fetal Arrhythmias. Curr. Opin. Pediatr. 2008, 20, 522–531. [Google Scholar] [CrossRef] [PubMed]

	



Strasburger, J.F. Fetal Arrhythmias. Prog. Pediatr. Cardiol. 2000, 11, 1–17. [Google Scholar] [CrossRef] [PubMed]

	



Jaeggi, E.; Öhman, A. Fetal and Neonatal Arrhythmias. Clin. Perinatol. 2016, 43, 99–112. [Google Scholar] [CrossRef] [PubMed]

	



Larmay, H.J.; Strasburger, J.F. Differential Diagnosis and Management of the Fetus and Newborn with an Irregular or Abnormal Heart Rate. Pediatr. Clin. N. Am. 2004, 51, 1033–1050. [Google Scholar] [CrossRef] [PubMed]

	



Simpson, L.L. Fetal Supraventricular Tachycardias: Diagnosis and Management. Semin. Perinatol. 2000, 24, 360–372. [Google Scholar] [CrossRef]

	



Southall, D.P.; Richards, J.; Hardwick, R.A.; Shinebourne, E.A.; Gibbens, G.L.; Thelwall-Jones, H.; de Swiet, M.; Johnston, P.G. Prospective Study of Fetal Heart Rate and Rhythm Patterns. Arch. Dis. Child. 1980, 55, 506–511. [Google Scholar] [CrossRef]

	



Cuneo, B.F. Treatment of Fetal Tachycardia. Heart Rhythm 2008, 5, 1216–1218. [Google Scholar] [CrossRef]

	



Jaeggi, E.T.; Carvalho, J.S.; De Groot, E.; Api, O.; Clur, S.-A.B.; Rammeloo, L.; McCrindle, B.W.; Ryan, G.; Manlhiot, C.; Blom, N.A. Comparison of Transplacental Treatment of Fetal Supraventricular Tachyarrhythmias with Digoxin, Flecainide, and Sotalol: Results of a Nonrandomized Multicenter Study. Circulation 2011, 124, 1747–1754. [Google Scholar] [CrossRef]

	



Simpson, J.M.; Sharland, G.K. Fetal Tachycardias: Management and Outcome of 127 Consecutive Cases. Heart 1998, 79, 576–581. [Google Scholar] [CrossRef]

	



Boldt, T.; Eronen, M.; Andersson, S. Long-Term Outcome in Fetuses with Cardiac Arrhythmias. Obstet. Gynecol. 2003, 102, 1372–1379. [Google Scholar] [CrossRef] [PubMed]

	



Rasiah, S.V.; Ewer, A.K.; Miller, P.; Kilby, M.D. Prenatal Diagnosis, Management and Outcome of Fetal Dysrhythmia: A Tertiary Fetal Medicine Centre Experience over an Eight-Year Period. Fetal Diagn. Ther. 2011, 30, 122–127. [Google Scholar] [CrossRef] [PubMed]

	



Carvalho, J.S. Fetal Dysrhythmias. Best Pract. Res. Clin. Obstet. Gynaecol. 2019, 58, 28–41. [Google Scholar] [CrossRef] [PubMed]

	



Krapp, M.; Kohl, T.; Simpson, J.M.; Sharland, G.K.; Katalinic, A.; Gembruch, U. Review of Diagnosis, Treatment, and Outcome of Fetal Atrial Flutter Compared with Supraventricular Tachycardia. Heart 2003, 89, 913–917. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, J.A.; Williams, P.; Lu, Z.; Kavanaugh-McHugh, A.; Fish, F.A.; Killen, S.A.S. Fetuses of Mothers with Thyroid Disease May Be at Higher Risk of Developing Supraventricular Tachycardia. Am. J. Perinatol. 2015, 32, 1240–1246. [Google Scholar] [CrossRef] [PubMed]

	



Naheed, Z.J.; Strasburger, J.F.; Deal, B.J.; Benson, D.W.; Gidding, S.S. Fetal Tachycardia: Mechanisms and Predictors of Hydrops Fetalis. J. Am. Coll. Cardiol. 1996, 27, 1736–1740. [Google Scholar] [CrossRef] [PubMed]

	



Fouron, J.-C.; Fournier, A.; Proulx, F.; Lamarche, J.; Bigras, J.L.; Boutin, C.; Brassard, M.; Gamache, S. Management of Fetal Tachyarrhythmia Based on Superior Vena Cava/Aorta Doppler Flow Recordings. Heart 2003, 89, 1211–1216. [Google Scholar] [CrossRef] [PubMed]

	



Jaeggi, E.; Fouron, J.C.; Fournier, A.; van Doesburg, N.; Drblik, S.P.; Proulx, F. Ventriculo-Atrial Time Interval Measured on M Mode Echocardiography: A Determining Element in Diagnosis, Treatment, and Prognosis of Fetal Supraventricular Tachycardia. Heart 1998, 79, 582–587. [Google Scholar] [CrossRef] [PubMed]

	



Donofrio, M.T.; Moon-Grady, A.J.; Hornberger, L.K.; Copel, J.A.; Sklansky, M.S.; Abuhamad, A.; Cuneo, B.F.; Huhta, J.C.; Jonas, R.A.; Krishnan, A.; et al. Diagnosis and Treatment of Fetal Cardiac Disease: A Scientific Statement from the American Heart Association. Circulation 2014, 129, 2183–2242. [Google Scholar] [CrossRef]

	



Seravalli, V.; Miller, J.L.; Block-Abraham, D.; Baschat, A.A. Ductus Venosus Doppler in the Assessment of Fetal Cardiovascular Health: An Updated Practical Approach. Acta Obstet. Gynecol. Scand. 2016, 95, 635–644. [Google Scholar] [CrossRef]

	



Zoeller, B.B. Treatment of Fetal Supraventricular Tachycardia. Curr. Treat. Options Cardiovasc. Med. 2017, 19, 7. [Google Scholar] [CrossRef] [PubMed]

	



Holmes, S.; Hornberger, L.K.; Jaeggi, E.; Howley, L.; Moon-Grady, A.J.; Uzun, O.; Kaizer, A.; Gilicze, O.; Cuneo, B.F. Treatment, Not Delivery, of the Late Preterm and Term Fetus with Supraventricular Arrhythmia. Ultrasound Obstet. Gynecol. 2023, 62, 552–557. [Google Scholar] [CrossRef] [PubMed]

	



Strasburger, J.F.; Cuneo, B.F.; Michon, M.M.; Gotteiner, N.L.; Deal, B.J.; McGregor, S.N.; Oudijk, M.A.; Meijboom, E.J.; Feinkind, L.; Hussey, M.; et al. Amiodarone Therapy for Drug-Refractory Fetal Tachycardia. Circulation 2004, 109, 375–379. [Google Scholar] [CrossRef]

	



Cuneo, B.; Drose, J.; Benson, D.W. Diagnosis and Management of Fetal Arrhythmias; Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2020; ISBN 1-975122-87-9. [Google Scholar]

	



Sridharan, S.; Sullivan, I.; Tomek, V.; Wolfenden, J.; Škovránek, J.; Yates, R.; Janoušek, J.; Dominguez, T.E.; Marek, J. Flecainide versus Digoxin for Fetal Supraventricular Tachycardia: Comparison of Two Drug Treatment Protocols. Heart Rhythm 2016, 13, 1913–1919. [Google Scholar] [CrossRef]

	



Oudijk, M.A.; Michon, M.M.; Kleinman, C.S.; Kapusta, L.; Stoutenbeek, P.; Visser, G.H.; Meijboom, E.J. Sotalol in the Treatment of Fetal Dysrhythmias. Circulation 2000, 101, 2721–2726. [Google Scholar] [CrossRef]

	



Shah, A.; Moon-Grady, A.; Bhogal, N.; Collins, K.K.; Tacy, T.; Brook, M.; Hornberger, L.K. Effectiveness of Sotalol as First-Line Therapy for Fetal Supraventricular Tachyarrhythmias. Am. J. Cardiol. 2012, 109, 1614–1618. [Google Scholar] [CrossRef] [PubMed]

	



van der Heijden, L.B.; Oudijk, M.A.; Manten, G.T.R.; ter Heide, H.; Pistorius, L.; Freund, M.W. Sotalol as First-Line Treatment for Fetal Tachycardia and Neonatal Follow-Up. Ultrasound Obstet. Gynecol. 2013, 42, 285–293. [Google Scholar] [CrossRef]

	



Oudijk, M.A.; Stoutenbeek, P.; Sreeram, N.; Visser, G.H.A.; Meijboom, E.J. Persistent Junctional Reciprocating Tachycardia in the Fetus. J. Matern.-Fetal Neonatal Med. 2003, 13, 191–196. [Google Scholar] [CrossRef] [PubMed]

	



Hill, G.D.; Kovach, J.R.; Saudek, D.E.; Singh, A.K.; Wehrheim, K.; Frommelt, M.A. Transplacental Treatment of Fetal Tachycardia: A Systematic Review and Meta-Analysis. Prenat. Diagn. 2017, 37, 1076–1083. [Google Scholar] [CrossRef]

	



Alsaied, T.; Baskar, S.; Fares, M.; Alahdab, F.; Czosek, R.J.; Murad, M.H.; Prokop, L.J.; Divanovic, A.A. First-Line Antiarrhythmic Transplacental Treatment for Fetal Tachyarrhythmia: A Systematic Review and Meta-Analysis. J. Am. Heart Assoc. 2017, 6, e007164. [Google Scholar] [CrossRef]

	



Jouannic, J.-M.; Delahaye, S.; Fermont, L.; Le Bidois, J.; Villain, E.; Dumez, Y.; Dommergues, M. Fetal Supraventricular Tachycardia: A Role for Amiodarone as Second-Line Therapy? Prenat. Diagn. 2003, 23, 152–156. [Google Scholar] [CrossRef] [PubMed]

	



Bartalena, L.; Bogazzi, F.; Braverman, L.E.; Martino, E. Effects of Amiodarone Administration during Pregnancy on Neonatal Thyroid Function and Subsequent Neurodevelopment. J. Endocrinol. Investig. 2001, 24, 116–130. [Google Scholar] [CrossRef] [PubMed]

	



Vanbesien, J.; Casteels, A.; Bougatef, A.; De Catte, L.; Foulon, W.; De Bock, S.; Smitz, J.; De Schepper, J. Transient Fetal Hypothyroidism Due to Direct Fetal Administration of Amiodarone for Drug Resistant Fetal Tachycardia. Am. J. Perinatol. 2001, 18, 113–116. [Google Scholar] [CrossRef] [PubMed]

	



Gembruch, U.; Hansmann, M.; Redel, D.A.; Bald, R. Intrauterine Therapy of Fetal Tachyarrhythmias: Intraperitoneal Administration of Antiarrhythmic Drugs to the Fetus in Fetal Tachyarrhythmias with Severe Hydrops Fetalis. J. Perinat. Med. 1988, 16, 39–44. [Google Scholar] [CrossRef] [PubMed]

	



Parilla, B.V.; Strasburger, J.F.; Socol, M.L. Fetal Supraventricular Tachycardia Complicated by Hydrops Fetalis: A Role for Direct Fetal Intramuscular Therapy. Am. J. Perinatol. 1996, 13, 483–486. [Google Scholar] [CrossRef] [PubMed]

	



Kohl, T.; Tercanli, S.; Kececioglu, D.; Holzgreve, W. Direct Fetal Administration of Adenosine for the Termination of Incessant Supraventricular Tachycardia. Obstet. Gynecol. 1995, 85, 873–874. [Google Scholar] [CrossRef] [PubMed]

	



Cuneo, B.F.; Strasburger, J.F.; Niksch, A.; Ovadia, M.; Wakai, R.T. An Expanded Phenotype of Maternal SSA/SSB Antibody-Associated Fetal Cardiac Disease. J. Matern.-Fetal Neonatal Med. 2009, 22, 233–238. [Google Scholar] [CrossRef] [PubMed]

	



Sacks, J.H.; Samai, C.; Gomez, K.; Kanaan, U. Maternal Antibody-Associated Fetal Second-Degree Heart Block and Atrial Flutter: Case Report and Review. Pediatr. Cardiol. 2013, 34, 2040–2043. [Google Scholar] [CrossRef] [PubMed]

	



Miyoshi, T.; Maeno, Y.; Hamasaki, T.; Inamura, N.; Yasukochi, S.; Kawataki, M.; Horigome, H.; Yoda, H.; Taketazu, M.; Nii, M.; et al. Antenatal Therapy for Fetal Supraventricular Tachyarrhythmias: Multicenter Trial. J. Am. Coll. Cardiol. 2019, 74, 874–885. [Google Scholar] [CrossRef]

	



Cuneo, B.F.; Moon-Grady, A.J.; Sonesson, S.-E.; Levasseur, S.; Hornberger, L.; Donofrio, M.T.; Krishnan, A.; Szwast, A.; Howley, L.; Benson, D.W.; et al. Heart Sounds at Home: Feasibility of an Ambulatory Fetal Heart Rhythm Surveillance Program for Anti-SSA-Positive Pregnancies. J. Perinatol. 2017, 37, 226–230. [Google Scholar] [CrossRef]

	



Strasburger, J.F. Predictability in Fetal Supraventricular Tachycardia Management. J. Am. Coll. Cardiol. 2019, 74, 886–888. [Google Scholar] [CrossRef] [PubMed]

	



Bourget, P.; Pons, J.C.; Delouis, C.; Fermont, L.; Frydman, R. Flecainide Distribution, Transplacental Passage, and Accumulation in the Amniotic Fluid during the Third Trimester of Pregnancy. Ann. Pharmacother. 1994, 28, 1031–1034. [Google Scholar] [CrossRef] [PubMed]

	



Hopson, J.R.; Buxton, A.E.; Rinkenberger, R.L.; Nademanee, K.; Heilman, J.M.; Kienzle, M.G. Safety and Utility of Flecainide Acetate in the Routine Care of Patients with Supraventricular Tachyarrhythmias: Results of a Multicenter Trial. The Flecainide Supraventricular Tachycardia Study Group. Am. J. Cardiol. 1996, 77, 72A–82A. [Google Scholar] [CrossRef] [PubMed]

	



O’Leary, E.T.; Alexander, M.E.; Bezzerides, V.J.; Drogosz, M.; Economy, K.E.; Friedman, K.G.; Pickard, S.S.; Tworetzky, W.; Mah, D.Y. Low Mortality in Fetal Supraventricular Tachycardia: Outcomes in a 30-Year Single-Institution Experience. J. Cardiovasc. Electrophysiol. 2020, 31, 1105–1113. [Google Scholar] [CrossRef] [PubMed]

	



Moodley, S.; Sanatani, S.; Potts, J.E.; Sandor, G.G.S. Postnatal Outcome in Patients with Fetal Tachycardia. Pediatr. Cardiol. 2013, 34, 81–87. [Google Scholar] [CrossRef] [PubMed]

	



Hinkle, K.A.; Peyvandi, S.; Stiver, C.; Killen, S.A.S.; Weng, H.Y.; Etheridge, S.P.; Puchalski, M.D. Postnatal Outcomes of Fetal Supraventricular Tachycardia: A Multicenter Study. Pediatr. Cardiol. 2017, 38, 1317–1323. [Google Scholar] [CrossRef] [PubMed]

	



Till, J.; Wren, C. Atrial Flutter in the Fetus and Young Infant: An Association with Accessory Connections. Br. Heart J. 1992, 67, 80–83. [Google Scholar] [CrossRef] [PubMed]

	



Tunca Sahin, G.; Lewis, M.; Uzun, O. Association of Fetal Atrial Flutter with Neonatal Atrioventricular Re-Entry Tachycardia Involving Accessory Pathway: A Link to Be Remembered. Pediatr. Cardiol. 2021, 42, 849–856. [Google Scholar] [CrossRef] [PubMed]

	



van Engelen, A.D.; Weijtens, O.; Brenner, J.I.; Kleinman, C.S.; Copel, J.A.; Stoutenbeek, P.; Meijboom, E.J. Management Outcome and Follow-up of Fetal Tachycardia. J. Am. Coll. Cardiol. 1994, 24, 1371–1375. [Google Scholar] [CrossRef]

	



Zaidi, S.J.; Siddiqui, S.; Cuneo, B.F.; Strasburger, J.F.; McDuffie, R.; Wakai, R.T. Prenatal Diagnosis and Management of Junctional Ectopic Tachycardia. Heart Rhythm Case Rep. 2017, 3, 503–508. [Google Scholar] [CrossRef]

	



Dubin, A.M.; Cuneo, B.F.; Strasburger, J.F.; Wakai, R.T.; Van Hare, G.F.; Rosenthal, D.N. Congenital Junctional Ectopic Tachycardia and Congenital Complete Atrioventricular Block: A Shared Etiology? Heart Rhythm 2005, 2, 313–315. [Google Scholar] [CrossRef] [PubMed]

	



Winbo, A.; Fosdal, I.; Lindh, M.; Diamant, U.-B.; Persson, J.; Wettrell, G.; Rydberg, A. Third Trimester Fetal Heart Rate Predicts Phenotype and Mutation Burden in the Type 1 Long QT Syndrome. Circ. Arrhythmia Electrophysiol. 2015, 8, 806–814. [Google Scholar] [CrossRef] [PubMed]

	



Cuneo, B.F. The Beginnings of Long QT Syndrome. Curr. Opin. Cardiol. 2015, 30, 112–117. [Google Scholar] [CrossRef]

	



Cuneo, B.F.; Strasburger, J.F. We Only Find What We Look for: Fetal Heart Rate and the Diagnosis of Long-QT Syndrome. Circ. Arrhythmia Electrophysiol. 2015, 8, 760–762. [Google Scholar] [CrossRef] [PubMed]

	



Wacker-Gussmann, A.; Eckstein, G.K.; Strasburger, J.F. Preventing and Treating Torsades de Pointes in the Mother, Fetus and Newborn in the Highest Risk Pregnancies with Inherited Arrhythmia Syndromes. J. Clin. Med. 2023, 12, 3379. [Google Scholar] [CrossRef] [PubMed]

	



Sonesson, S.-E.; Eliasson, H.; Conner, P.; Wahren-Herlenius, M. Doppler Echocardiographic Isovolumetric Time Intervals in Diagnosis of Fetal Blocked Atrial Bigeminy and 2:1 Atrioventricular Block. Ultrasound Obstet. Gynecol. 2014, 44, 171–175. [Google Scholar] [CrossRef] [PubMed]

	



Wiggins, D.L.; Strasburger, J.F.; Gotteiner, N.L.; Cuneo, B.; Wakai, R.T. Magnetophysiologic and Echocardiographic Comparison of Blocked Atrial Bigeminy and 2:1 Atrioventricular Block in the Fetus. Heart Rhythm 2013, 10, 1192–1198. [Google Scholar] [CrossRef] [PubMed]

	



Jaeggi, E.T.; Friedberg, M.K. Diagnosis and Management of Fetal Bradyarrhythmias. Pacing Clin. Electrophysiol. 2008, 31 (Suppl. S1), S50–S53. [Google Scholar] [CrossRef] [PubMed]

	



Kikano, S.D.; Killen, S.A.S. Transient Fetal Atrioventricular Block: A Series of Four Cases and Approach to Management. J. Cardiovasc. Electrophysiol. 2022, 33, 2228–2232. [Google Scholar] [CrossRef]

	



Strand, S.; Strasburger, J.F.; Lutter, W.J.; Wakai, R.T. Repolarization Predictors of Fetal Long QT Syndrome. Heart Rhythm O2 2020, 1, 200–205. [Google Scholar] [CrossRef]

	



Crotti, L.; Tester, D.J.; White, W.M.; Bartos, D.C.; Insolia, R.; Besana, A.; Kunic, J.D.; Will, M.L.; Velasco, E.J.; Bair, J.J.; et al. Long QT Syndrome-Associated Mutations in Intrauterine Fetal Death. JAMA 2013, 309, 1473–1482. [Google Scholar] [CrossRef] [PubMed]

	



Schwartz, P.J. Stillbirths, Sudden Infant Deaths, and Long-QT Syndrome: Puzzle or Mosaic, the Pieces of the Jigsaw Are Being Fitted Together. Circulation 2004, 109, 2930–2932. [Google Scholar] [CrossRef] [PubMed]

	



Tester, D.J.; Wong, L.C.H.; Chanana, P.; Jaye, A.; Evans, J.M.; FitzPatrick, D.R.; Evans, M.J.; Fleming, P.; Jeffrey, I.; Cohen, M.C.; et al. Cardiac Genetic Predisposition in Sudden Infant Death Syndrome. J. Am. Coll. Cardiol. 2018, 71, 1217–1227. [Google Scholar] [CrossRef]

	



Clur, S.-A.B.; Vink, A.S.; Etheridge, S.P.; Robles de Medina, P.G.; Rydberg, A.; Ackerman, M.J.; Wilde, A.A.; Blom, N.A.; Benson, D.W.; Herberg, U.; et al. Left Ventricular Isovolumetric Relaxation Time Is Prolonged in Fetal Long-QT Syndrome. Circ. Arrhythmia Electrophysiol. 2018, 11, e005797. [Google Scholar] [CrossRef] [PubMed]

	



Hughes, B.N.; Wakai, R.T.; Zhang, J.; Simpson, P.; Strasburger, J.F. Late-Coupled Premature Ventricular Contractions Predict Mortality in Fetuses Evaluated by Fetal Magnetocardiography. JACC Clin. Electrophysiol. 2023, 9, 1601–1603. [Google Scholar] [CrossRef] [PubMed]

	



Strand, S.; Strasburger, J.F.; Cuneo, B.F.; Wakai, R.T. Complex and Novel Arrhythmias Precede Stillbirth in Fetuses with De Novo Long QT Syndrome. Circ. Arrhythmia Electrophysiol. 2020, 13, e008082. [Google Scholar] [CrossRef] [PubMed]

	



Ishikawa, T.; Tsuji, Y.; Makita, N. Inherited Bradyarrhythmia: A Diverse Genetic Background. J. Arrhythmia 2016, 32, 352–358. [Google Scholar] [CrossRef] [PubMed]

	



Boczek, N.J.; Gomez-Hurtado, N.; Ye, D.; Calvert, M.L.; Tester, D.J.; Kryshtal, D.; Hwang, H.S.; Johnson, C.N.; Chazin, W.J.; Loporcaro, C.G.; et al. Spectrum and Prevalence of CALM1-, CALM2-, and CALM3-Encoded Calmodulin Variants in Long QT Syndrome and Functional Characterization of a Novel Long QT Syndrome-Associated Calmodulin Missense Variant, E141G. Circ. Cardiovasc. Genet. 2016, 9, 136–146. [Google Scholar] [CrossRef]

	



Batra, A.S.; Silka, M.J.; Borquez, A.; Cuneo, B.; Dechert, B.; Jaeggi, E.; Kannankeril, P.J.; Tabulov, C.; Tisdale, J.E.; Wolfe, D.; et al. Pharmacological Management of Cardiac Arrhythmias in the Fetal and Neonatal Periods: A Scientific Statement From the American Heart Association: Endorsed by the Pediatric & Congenital Electrophysiology Society (PACES). Circulation 2024, 149, e937–e952. [Google Scholar] [CrossRef]

	



Zidere, V.; Vigneswaran, T.V.; Dumitrascu-Biris, I.; Regan, W.; Simpson, J.M.; Homfray, T. Presentation and Genetic Confirmation of Long QT Syndrome in the Fetus. Heart Rhythm Case Rep. 2022, 8, 674–678. [Google Scholar] [CrossRef]

	



Putra, M.; Lee, Y.M.; Bucholz, E.; Ross, E.L.; Galan, H.; Behrendt, N.; Micke, K.; Chow, F.S.; Zaretsky, M.V.; Cuneo, B.F. Successful Management of Fetal Torsades de Pointes and Long QT Syndrome by a Cardio-Obstetrical Team. JACC Case Rep. 2023, 27, 102110. [Google Scholar] [CrossRef] [PubMed]

	



Wainwright, B.; Bhan, R.; Trad, C.; Cohen, R.; Saxena, A.; Buyon, J.; Izmirly, P. Autoimmune-Mediated Congenital Heart Block. Best Pract. Res. Clin. Obstet. Gynaecol. 2020, 64, 41–51. [Google Scholar] [CrossRef] [PubMed]

	



Buyon, J.P.; Hiebert, R.; Copel, J.; Craft, J.; Friedman, D.; Katholi, M.; Lee, L.A.; Provost, T.T.; Reichlin, M.; Rider, L.; et al. Autoimmune-Associated Congenital Heart Block: Demographics, Mortality, Morbidity and Recurrence Rates Obtained from a National Neonatal Lupus Registry. J. Am. Coll. Cardiol. 1998, 31, 1658–1666. [Google Scholar] [CrossRef] [PubMed]

	



Brucato, A.; Franceschini, F.; Buyon, J.P. Neonatal Lupus: Long-Term Outcomes of Mothers and Children and Recurrence Rate. Clin. Exp. Rheumatol. 1997, 15, 467–473. [Google Scholar] [PubMed]

	



Cuneo, B.F.; Bitant, S.; Strasburger, J.F.; Kaizer, A.M.; Wakai, R.T. Assessment of Atrioventricular Conduction by Echocardiography and Magnetocardiography in Normal and Anti-Ro/SSA-Antibody-Positive Pregnancies. Ultrasound Obstet. Gynecol. 2019, 54, 625–633. [Google Scholar] [CrossRef] [PubMed]

	



Julkunen, H.; Eronen, M. Long-Term Outcome of Mothers of Children with Isolated Heart Block in Finland. Arthritis Rheum. 2001, 44, 647–652. [Google Scholar] [CrossRef] [PubMed]

	



Eliasson, H.; Sonesson, S.-E.; Sharland, G.; Granath, F.; Simpson, J.M.; Carvalho, J.S.; Jicinska, H.; Tomek, V.; Dangel, J.; Zielinsky, P.; et al. Isolated Atrioventricular Block in the Fetus: A Retrospective, Multinational, Multicenter Study of 175 Patients. Circulation 2011, 124, 1919–1926. [Google Scholar] [CrossRef] [PubMed]

	



Izmirly, P.M.; Saxena, A.; Kim, M.Y.; Wang, D.; Sahl, S.K.; Llanos, C.; Friedman, D.; Buyon, J.P. Maternal and Fetal Factors Associated with Mortality and Morbidity in a Multi-Racial/Ethnic Registry of Anti-SSA/Ro-Associated Cardiac Neonatal Lupus. Circulation 2011, 124, 1927–1935. [Google Scholar] [CrossRef] [PubMed]

	



Satoh, M.; Chan, E.K.L.; Ho, L.A.; Rose, K.M.; Parks, C.G.; Cohn, R.D.; Jusko, T.A.; Walker, N.J.; Germolec, D.R.; Whitt, I.Z.; et al. Prevalence and Sociodemographic Correlates of Antinuclear Antibodies in the United States. Arthritis Rheum. 2012, 64, 2319–2327. [Google Scholar] [CrossRef]

	



Kaizer, A.M.; Lindblade, C.; Clancy, R.; Tebo, A.E.; Drewes, B.; Masson, M.; Chang, M.; Fraser, N.; Buyon, J.P.; Cuneo, B.F. Reducing the Burden of Surveillance in Pregnant Women with No History of Fetal Atrioventricular Block Using the Negative Predictive Value of Anti-Ro/SSA Antibody Titers. Am. J. Obstet. Gynecol. 2022, 227, e1–e761. [Google Scholar] [CrossRef]

	



Brito-Zerón, P.; Izmirly, P.M.; Ramos-Casals, M.; Buyon, J.P.; Khamashta, M.A. The Clinical Spectrum of Autoimmune Congenital Heart Block. Nat. Rev. Rheumatol. 2015, 11, 301–312. [Google Scholar] [CrossRef] [PubMed]

	



Spence, D.; Hornberger, L.; Hamilton, R.; Silverman, E.D. Increased Risk of Complete Congenital Heart Block in Infants Born to Women with Hypothyroidism and Anti-Ro and/or Anti-La Antibodies. J. Rheumatol. 2006, 33, 167–170. [Google Scholar] [PubMed]

	



Jaeggi, E.T.; Silverman, E.D.; Laskin, C.; Kingdom, J.; Golding, F.; Weber, R. Prolongation of the Atrioventricular Conduction in Fetuses Exposed to Maternal Anti-Ro/SSA and Anti-La/SSB Antibodies Did Not Predict Progressive Heart Block. A Prospective Observational Study on the Effects of Maternal Antibodies on 165 Fetuses. J. Am. Coll. Cardiol. 2011, 57, 1487–1492. [Google Scholar] [CrossRef]

	



Cuneo, B.F.; Ambrose, S.E.; Tworetzky, W. Detection and Successful Treatment of Emergent Anti-SSA-Mediated Fetal Atrioventricular Block. Am. J. Obstet. Gynecol. 2016, 215, 527–528. [Google Scholar] [CrossRef] [PubMed]

	



Mawad, W.; Hornberger, L.; Cuneo, B.; Raboisson, M.-J.; Moon-Grady, A.J.; Lougheed, J.; Diab, K.; Parkman, J.; Silverman, E.; Jaeggi, E. Outcome of Antibody-Mediated Fetal Heart Disease With Standardized Anti-Inflammatory Transplacental Treatment. J. Am. Heart Assoc. 2022, 11, e023000. [Google Scholar] [CrossRef]

	



Trucco, S.M.; Jaeggi, E.; Cuneo, B.; Moon-Grady, A.J.; Silverman, E.; Silverman, N.; Hornberger, L.K. Use of Intravenous Gamma Globulin and Corticosteroids in the Treatment of Maternal Autoantibody-Mediated Cardiomyopathy. J. Am. Coll. Cardiol. 2011, 57, 715–723. [Google Scholar] [CrossRef]

	



Sunderji, S.; Peyvandi, S.; Jaeggi, E.; Szwast, A.; Ryan, G.; Tessier, F.; Siddiqui, S.; Cuneo, B.; Sheth, S.; Treadwell, M.; et al. NAFTNet Retrospective Report on the Treatment of Anti-Ro/SSA Mediated Fetal Heart Block with Dexamethasone. J. Matern.-Fetal Neonatal Med. 2022, 35, 9263–9270. [Google Scholar] [CrossRef]

	



Jain, S.; Spadafora, R.; Maxwell, S.; Botas, C.; Nawaytou, H.; von Scheven, E.; Crouch, E.E. A Case of Neonatal Lupus Presenting with Myocardial Dysfunction in the Absence of Congenital Heart Block (CHB): Clinical Management and Brief Literature Review of Neonatal Cardiac Lupus. Pediatr. Cardiol. 2023, 44, 736–739. [Google Scholar] [CrossRef]

	



Kelly, E.N.; Sananes, R.; Chiu-Man, C.; Silverman, E.D.; Jaeggi, E. Prenatal Anti-Ro Antibody Exposure, Congenital Complete Atrioventricular Heart Block, and High-Dose Steroid Therapy: Impact on Neurocognitive Outcome in School-Age Children. Arthritis Rheumatol. 2014, 66, 2290–2296. [Google Scholar] [CrossRef]

	



Pruetz, J.D.; Miller, J.C.; Loeb, G.E.; Silka, M.J.; Bar-Cohen, Y.; Chmait, R.H. Prenatal Diagnosis and Management of Congenital Complete Heart Block. Birth Defects Res. 2019, 111, 380–388. [Google Scholar] [CrossRef]

	



Cuneo, B.F.; Lee, M.; Roberson, D.; Niksch, A.; Ovadia, M.; Parilla, B.V.; Benson, D.W. A Management Strategy for Fetal Immune-Mediated Atrioventricular Block. J. Matern.-Fetal Neonatal Med. 2010, 23, 1400–1405. [Google Scholar] [CrossRef]

	



Strasburger, J.F.; Wacker-Gussmann, A. Congenital Heart Block in Subsequent Pregnancies of SSA/Ro-Positive Mothers. J. Am. Coll. Cardiol. 2020, 76, 303–305. [Google Scholar] [CrossRef]

	



Izmirly, P.; Kim, M.; Friedman, D.M.; Costedoat-Chalumeau, N.; Clancy, R.; Copel, J.A.; Phoon, C.K.L.; Cuneo, B.F.; Cohen, R.E.; Robins, K.; et al. Hydroxychloroquine to Prevent Recurrent Congenital Heart Block in Fetuses of Anti-SSA/Ro-Positive Mothers. J. Am. Coll. Cardiol. 2020, 76, 292–302. [Google Scholar] [CrossRef]

	



Kaplinski, M.; Cuneo, B.F. Novel Approaches to the Surveillance and Management of Fetuses at Risk for Anti-Ro/SSA Mediated Atrioventricular Block. Semin. Perinatol. 2022, 46, 151585. [Google Scholar] [CrossRef] [PubMed]

	



Society for Maternal-Fetal Medicine (SMFM); Silver, R.; Craigo, S.; Porter, F.; Osmundson, S.S.; Kuller, J.A.; Norton, M.E. Society for Maternal-Fetal Medicine Consult Series #64: Systemic Lupus Erythematosus in Pregnancy. Am. J. Obstet. Gynecol. 2023, 228, B41–B60. [Google Scholar] [CrossRef] [PubMed]

	



Moak, J.P.; Barron, K.S.; Hougen, T.J.; Wiles, H.B.; Balaji, S.; Sreeram, N.; Cohen, M.H.; Nordenberg, A.; Van Hare, G.F.; Friedman, R.A.; et al. Congenital Heart Block: Development of Late-Onset Cardiomyopathy, a Previously Underappreciated Sequela. J. Am. Coll. Cardiol. 2001, 37, 238–242. [Google Scholar] [CrossRef] [PubMed]

	



Carpenter, R.J.; Strasburger, J.F.; Garson, A.; Smith, R.T.; Deter, R.L.; Engelhardt, H.T. Fetal Ventricular Pacing for Hydrops Secondary to Complete Atrioventricular Block. J. Am. Coll. Cardiol. 1986, 8, 1434–1436. [Google Scholar] [CrossRef] [PubMed]

	



Bar-Cohen, Y.; Loeb, G.E.; Pruetz, J.D.; Silka, M.J.; Guerra, C.; Vest, A.N.; Zhou, L.; Chmait, R.H. Preclinical Testing and Optimization of a Novel Fetal Micropacemaker. Heart Rhythm 2015, 12, 1683–1690. [Google Scholar] [CrossRef]

	



Kohl, T.; Strümper, D.; Witteler, R.; Merschhoff, G.; Alexiene, R.; Callenbeck, C.; Asfour, B.; Reckers, J.; Aryee, S.; Vahlhaus, C.; et al. Fetoscopic Direct Fetal Cardiac Access in Sheep: An Important Experimental Milestone along the Route to Human Fetal Cardiac Intervention. Circulation 2000, 102, 1602–1604. [Google Scholar] [CrossRef]

	



Choi, Y.-H.; Stamm, C.; Hammer, P.E.; Kwaku, K.F.; Marler, J.J.; Friehs, I.; Jones, M.; Rader, C.M.; Roy, N.; Eddy, M.-T.; et al. Cardiac Conduction through Engineered Tissue. Am. J. Pathol. 2006, 169, 72–85. [Google Scholar] [CrossRef]

	



Berul, C.I.; Dasgupta, S.; LeGras, M.D.; Peer, S.M.; Alsoufi, B.; Sherwin, E.D.; Desai, M.; Yerebakan, C.; Johnsrude, C. Tiny Pacemakers for Tiny Babies. Heart Rhythm 2023, 20, 766–769. [Google Scholar] [CrossRef] [PubMed]

	



Howley, L.W.; Eyerly-Webb, S.A.; Killen, S.A.S.; Paul, E.; Krishnan, A.; Gropler, M.R.F.; Drewes, B.; Dion, E.; Lund, A.; Buyon, J.P.; et al. Variation in Prenatal Surveillance and Management of Anti-SSA/Ro Autoantibody Positive Pregnancies. J. Matern.-Fetal Neonatal Med. 2024, 37, 2323623. [Google Scholar] [CrossRef] [PubMed]

	



Liu, B.; Ridder, A.; Smith, V.; Thilaganathan, B.; Bhide, A. Feasibility of Antenatal Ambulatory Fetal Electrocardiography: A Systematic Review. J. Matern.-Fetal Neonatal Med. 2023, 36, 2204390. [Google Scholar] [CrossRef] [PubMed]

	



Wacker-Gussmann, A.; Plankl, C.; Sewald, M.; Schneider, K.-T.M.; Oberhoffer, R.; Lobmaier, S.M. Fetal Cardiac Time Intervals in Healthy Pregnancies—An Observational Study by Fetal ECG (Monica Healthcare System). J. Perinat. Med. 2018, 46, 587–592. [Google Scholar] [CrossRef] [PubMed]

	



Cuneo, B.F.; Sonesson, S.-E.; Levasseur, S.; Moon-Grady, A.J.; Krishnan, A.; Donofrio, M.T.; Raboisson, M.-J.; Hornberger, L.K.; Van Eerden, P.; Sinkovskaya, E.; et al. Home Monitoring for Fetal Heart Rhythm During Anti-Ro Pregnancies. J. Am. Coll. Cardiol. 2018, 72, 1940–1951. [Google Scholar] [CrossRef] [PubMed]

	



Sethi, N.; Funamoto, K.; Ingbar, C.; Mass, P.; Moak, J.; Wakai, R.; Strasburger, J.; Donofrio, M.; Khandoker, A.; Kimura, Y.; et al. Noninvasive Fetal Electrocardiography in the Diagnosis of Long QT Syndrome: A Case Series. Fetal Diagn. Ther. 2020, 47, 711–716. [Google Scholar] [CrossRef]

	



Roshanitabrizi, P.; Krishnan, A.; Ingbar, C.; Salvador, T.; Zhang, A.; Donofrio, M.T.; Govindan, R. Frequency-Based Maternal Electrocardiogram Attenuation for Fetal Electrocardiogram Analysis. Ann. Biomed. Eng. 2022, 50, 836–846. [Google Scholar] [CrossRef] [PubMed]

	



Yang, X.; Huang, X.; Wei, C.; Yu, J.; Yu, X.; Dong, C.; Chen, J.; Chen, R.; Wu, X.; Yu, Z.; et al. An Intelligent Quantification System for Fetal Heart Rhythm Assessment: A Multicenter Prospective Study. Heart Rhythm 2024, 21, 600–609. [Google Scholar] [CrossRef] [PubMed]

	



Day, T.G.; Kainz, B.; Hajnal, J.; Razavi, R.; Simpson, J.M. Artificial Intelligence, Fetal Echocardiography, and Congenital Heart Disease. Prenat. Diagn. 2021, 41, 733–742. [Google Scholar] [CrossRef]

	



Sharma, K.; Masood, S. Deep Learning-Based Non-Invasive Fetal Cardiac Arrhythmia Detection; Springer: Berlin/Heidelberg, Germany, 2021; pp. 511–523. [Google Scholar]

	



de Vries, I.R.; van Laar, J.O.E.H.; van der Hout-van der Jagt, M.B.; Clur, S.-A.B.; Vullings, R. Fetal Electrocardiography and Artificial Intelligence for Prenatal Detection of Congenital Heart Disease. Acta Obstet. Gynecol. Scand. 2023, 102, 1511–1520. [Google Scholar] [CrossRef]

	



Fouron, J.C.; Proulx, F.; Miró, J.; Gosselin, J. Doppler and M-Mode Ultrasonography to Time Fetal Atrial and Ventricular Contractions. Obstet. Gynecol. 2000, 96, 732–736. [Google Scholar] [CrossRef] [PubMed]

	



Fouron, J.-C. Fetal Arrhythmias: The Saint-Justine Hospital Experience. Prenat. Diagn. 2004, 24, 1068–1080. [Google Scholar] [CrossRef] [PubMed]

	



Carvalho, J.S.; Prefumo, F.; Ciardelli, V.; Sairam, S.; Bhide, A.; Shinebourne, E.A. Evaluation of Fetal Arrhythmias from Simultaneous Pulsed Wave Doppler in Pulmonary Artery and Vein. Heart 2007, 93, 1448–1453. [Google Scholar] [CrossRef] [PubMed]

	



Howley, L.W.; Schuchardt, E.; Park, D.; Gilbert, L.; Gruenwald, J.; Cuneo, B.F. Simultaneous Recording of Pulsed-Wave Doppler Signals in Innominate Vein and Transverse Aortic Arch: New Technique to Evaluate Atrioventricular Conduction and Fetal Heart Rhythm. Ultrasound Obstet. Gynecol. 2018, 52, 544–545. [Google Scholar] [CrossRef] [PubMed]

	



Detterich, J.A.; Pruetz, J.; Sklansky, M.S. Color M-Mode Sonography for Evaluation of Fetal Arrhythmias. J. Ultrasound Med. 2012, 31, 1681–1688. [Google Scholar] [CrossRef] [PubMed]

	



Simpson, J.M. Fetal Arrhythmias. Ultrasound Obstet. Gynecol. 2006, 27, 599–606. [Google Scholar] [CrossRef]

	



Wacker-Gussmann, A.; Strasburger, J.F.; Wakai, R.T. Contribution of Fetal Magnetocardiography to Diagnosis, Risk Assessment, and Treatment of Fetal Arrhythmia. J. Am. Heart Assoc. 2022, 11, e025224. [Google Scholar] [CrossRef]

	



Strasburger, J.F.; Cheulkar, B.; Wakai, R.T. Magnetocardiography for Fetal Arrhythmias. Heart Rhythm 2008, 5, 1073–1076. [Google Scholar] [CrossRef]

	



Stinstra, J.; Golbach, E.; van Leeuwen, P.; Lange, S.; Menendez, T.; Moshage, W.; Schleussner, E.; Kaehler, C.; Horigome, H.; Shigemitsu, S.; et al. Multicentre Study of Fetal Cardiac Time Intervals Using Magnetocardiography. BJOG 2002, 109, 1235–1243. [Google Scholar] [CrossRef]

	



Strasburger, J.F.; Wakai, R.T. Fetal Cardiac Arrhythmia Detection and in Utero Therapy. Nat. Rev. Cardiol. 2010, 7, 277–290. [Google Scholar] [CrossRef]

	



Strand, S.; Lutter, W.; Strasburger, J.F.; Shah, V.; Baffa, O.; Wakai, R.T. Low-Cost Fetal Magnetocardiography: A Comparison of Superconducting Quantum Interference Device and Optically Pumped Magnetometers. J. Am. Heart Assoc. 2019, 8, e013436. [Google Scholar] [CrossRef] [PubMed]

	



Joglar, J.A.; Kapa, S.; Saarel, E.V.; Dubin, A.M.; Gorenek, B.; Hameed, A.B.; Lara de Melo, S.; Leal, M.A.; Mondésert, B.; Pacheco, L.D.; et al. 2023 HRS Expert Consensus Statement on the Management of Arrhythmias during Pregnancy. Heart Rhythm 2023, 20, e175–e264. [Google Scholar] [CrossRef] [PubMed]








[image: Jcdd 11 00163 g001] 





Figure 1. Fetal blocked atrial bigeminy, in which the sinus node atrial contraction (a) is conducted to the ventricle, while the subsequent premature atrial contraction (a’) is not conducted to the ventricle in a patterned fashion. M-mode (A) and hepatic vein Dopplers (B) demonstrate a short–long–short–long a–a’ interval. 
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Figure 2. M-mode of fetal atrial flutter demonstrating twice as many atrial contractions (atrium) as ventricular contractions (ventricle). 
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Figure 3. Fetal short VA tachycardia: simultaneous mitral inflow–aortic outflow Doppler (A) and simultaneous superior vena cava–aortic (SVC-Ao) outflow Doppler (B). 
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Figure 4. Fetal short VA tachycardia with termination (as noted by the blue arrow in the figures) in the atrium (A) and long VA tachycardia with termination in the ventricle (B). 
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Figure 5. Fetal short VA tachycardia: to-fro ductus venosus pattern, which is characteristic of short VA tachycardia (A); there are pulsations in the umbilical vein (B) in the setting of fetal hemodynamic compromise and hydrops (C). 
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Figure 6. Fetal bradycardia (heart rate < 3rd percentile for GA) with first-degree AVB (prolonged mechanical PR interval) and postnatal EKG in a fetus with prenatal genetic testing by amniocentesis demonstrating a mutation in NKX2.5. 
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Figure 7. Fetal blocked atrial bigeminy with inflow-outflow (A) and SVC-Ao (B) Dopplers demonstrating the variable, patterned atrial rate characteristic of blocked atrial bigeminy. 
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Figure 8. Fetal second-degree AVB demonstrated by SVC-Ao Doppler (A), with hepatic vein Doppler (B) confirming a regular atrial rate. Distinguishing features of blocked atrial bigeminy and second-degree AVB. 
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Figure 9. Fetal bradycardia (heart rate < 3rd percentile for GA) with a normal mechanical PR interval but a prolonged isovolumic relaxation time, suggestive of long QT syndrome. Postnatal EKGs confirming the prenatal concern for long QT syndrome. EKG [A]: sinus bradycardia (HR 49), markedly prolonged QT (>800 msec), 2:1 AV block because of marked QT prolongation (prolonged ventricular repolarization). EKG [B]: sinus bradycardia (HR 80 s), marked QT prolongation (~700 msec), T wave alternans (beat-to-beat variability in the repolarization phase of the ventricles and associated with increased risk of ventricular tachyarrhythmias, especially polymorphic ventricular tachycardia (torsade de pointes) and ventricular fibrillation). Genetic testing revealed a VUS in CALM2 (D130N). While this variant has not been previously reported, other mutations at the same site (D130G and D130V) have been reported in association with LQTS with 2:1 AVB. De novo calmodulin mutations have been found in children with LQTS with extreme QT prolongation, negative family history, and early childhood cardiac arrest. 
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Figure 10. Fetal bradycardia (heart rate < 3rd percentile for GA) with normal mechanical PR interval and prolonged isovolumic relaxation time; postnatal EKG confirming LQTS. The fetal diagnosis led to diagnosis of LQTS in her asymptomatic mother. 
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Figure 11. (A) Fetal HR trends over 5 min showing several brief episodes of torsades de pointes (TdP) at a rate exceeding 200/min, and very frequent baseline ectopy and bradycardia. Line 2 is the simultaneous fetal actogram. Red circles are times of significant fetal movement, which do not appear to coincide with the TdP. One of these episodes at 460–465 s is shown in (C). (B) Signal-averaged fMCG showing marked QTc prolongation and late-coupled PVCs (arrows). (C) 25-s rhythm strip in grey. Below it are 3 simultaneous channels (2 fetal, 1 maternal/fetal) from the mid-portion (black line, 5 s), demonstrating the initiation of TdP due to a late-coupled PVC (arrow). Note the markedly prolonged QTc and intermittent 2nd degree AV block. This fetus was not recognized to have TdP by echocardiography due to the brief and intermittent nature of the TdP. One of the advantages of fMCG is that by continuously recording beat-to-beat, these short bursts of tachycardia can be recognized, providing a better risk stratification. In this case, the TdP was aggravated by maternal Vitamin D deficiency. Treatment with IV magnesium, propranolol, and vitamin D stabilized the TdP. The baby underwent genetic testing at birth and was found to have the maternal pathogenic KCNH2 variant. 
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Figure 12. Fetal third-degree AVB demonstrated by traditional m-mode (A) and confirmed by color m-mode (B) (m-mode through the atrium provides the atrial rate with overlaid color Doppler demonstrating the ventricular rate). 
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Figure 13. Fetal anti-Ro/SSA-mediated carditis characterized by valvar insufficiency, ventricular dilation, increased endocardial echogenicity, and pericardial effusion. 
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Figure 14. Postnatal EKG in a newborn with prenatally diagnosed anti-Ro/SSA mediated third-degree atrioventricular block. 
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Figure 15. Second-degree atrioventricular block (AVB) with 2:1 AV conduction in a fetus exposed to maternal anti-Ro/SSA antibodies, characterized by a regular atrial rate and 2:1 AV conduction. Irregular rhythm on home fetal heart rate monitoring at 21 4/7 weeks prompted emergent fetal echocardiogram (2 h later), which confirmed second-degree AVB (A). After treatment with IVIG (1 g/kg maternal weight, max 70 g) and after initiating treatment with oral dexamethasone (8 mg/day for 10 days; 4 mg/day through 28 6/7 weeks; then 3 mg/day from 29 weeks to 29 6/7 weeks; then 2 mg/day until delivery), the rhythm became type 1 s-degree AVB (Wenckebach) (B) within 2 days of therapy and persistent first-degree AVB (C) within 1 week of therapy, which persisted until delivery and into infancy. 
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Table 2. The primary antiarrhythmic agents used for treating fetal supraventricular tachycardia, including standard transplacental doses, EKG effects, and common side effects. mcg, micrograms; mg, milligrams; bid, twice daily; tid, three times daily; ng/mL, nanograms/milliliter; mcg/mL, micrograms/milliliter; AV, atrioventricular; q, every.
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	Digoxin
	Sotalol
	Flecainide
	Amiodarone





	Standard Doses

(Transplacental)
	Loading dose:

375–500 mcg q8 h × 3 doses OR

500 mcg q12 h × 4 doses



Maintenance dose:

250–500 mcg bid



Goal drug levels:

1.5–2.5 ng/mL



Intramuscular digoxin
	240–480 mg daily (120–160 mg bid or tid)



Starting dose with hydrops:

160 mg bid
	300 mg daily (100 mg q8 h or 150 mg bid)



Goal drug levels:

0.2–1 mcg/mL



If using a combination of digoxin and flecainide, decrease digoxin dose by 50%
	Loading dose:

600 mg q6–8 h (1800–2400 mg/day) × 2–5 days



Maintenance dose:

200–600 mg/day



Goal drug levels:

0.7–2.8 mcg/mL





If using digoxin or flecainide in combination with amiodarone, decrease doses of digoxin (by 50%) and flecainide.



Intraperitoneal amiodarone



	EKG Effects
	Sinus bradycardia



First- and second-degree AV block, including nocturnal Wenckebach (Mobitz type I second-degree AV block)
	QRS widening

(intraventricular conduction delay/bundle branch block)



QTc prolongation



First-degree AV block
	QRS widening



QTc prolongation



First-degree AV block


	QRS widening



QTc prolongation



Wide P waves



Sinus bradycardia



First-degree AV block





	Side Effects
	nausea, vomiting, fatigue, blurred vision
	nausea, fatigue, dizziness, hypotension


	headache, dizziness, visual disturbances (double vision)
	nausea, visual disturbances, photosensitivity, rash, gait/coordination/movement problems, peripheral

neuropathy/paresthesia



thrombocytopenia,

maternal/fetal thyroid

dysfunction, liver

dysfunction
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