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Abstract

Background: Paralysis of the diaphragm in newborn infants can lead to recurrent infections and
life-threatening respiratory insufficiency. The clinical diagnosis of unilateral diaphragmatic
paralysis has been reported in infants with laboratory evidence of congenital Zika virus infection
and/or the congenital Zika syndrome (CZS) phenotype but no evaluation of phrenic nerve function
has been described. All reported infants have had accompanying arthrogryposis. High infant
mortality is reported.

Methods: The causal mechanism of congenital diaphragmatic paralysis was evaluated in three
infants with arthrogryposis as a manifestation of CZS (two of the three infants had laboratory
evidence of ZIKV infection shortly after birth; the remaining infant had negative serology for
ZIKV when first tested at 7 months of age). Electromyography and phrenic nerve compound
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muscle action potential (CMAP) were performed in all infants with diaphragmatic paralysis
demonstrated on imaging studies.

Results: All infants had evidence of moderate chronic involvement of peripheral motor neurons.
Phrenic nerve CMAP was reduced on the side of the diaphragmatic paralysis in two infants and
reduced bilaterally in the remaining infant who had primarily anterior involvement of the
diaphragm. All three infants had multiple medical complications and one infant died at 18 months
of age.

Conclusion: Evaluation of three infants with CZS and diaphragmatic paralysis demonstrated
phrenic nerve dysfunction. In these and other affected infants, arthrogryposis appears to be a
constant co-occurring condition and health problems are significant; both conditions are likely due
to involvement of the peripheral nervous system in some infants with CZS.
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INTRODUCTION

Since the first reports in September 2015 of newborns with microcephaly in Brazil, much
has been learned about the causative agent, Zika virus (ZIKV), and the variability of the
clinical phenotype in infants who are affected in utero (Schuler-Faccini et al., 2016).
Arthrogryposis (multiple joint contractures) has been a low-frequency finding in infants with
confirmed or suspected ZIKV infection (Sarno et al., 2016). Evaluations of affected infants
suggest long-term involvement of central and peripheral motor neurons (van der Linden et
al., 2016).

Paralysis of the diaphragm in newborn infants can lead to recurrent infections and life-
threatening respiratory insufficiency (Kokatnur & Rudrappa, 2018). There are four reports of
infants with laboratory evidence of congenital ZIKV infection and a clinical diagnosis of
unilateral diaphragmatic paralysis (Melo et al., 2016; Meneses et al., 2017; Rajapakse et al.,
2018; Souza et al., 2016); however, the mechanism of the diaphragmatic paralysis was not
described in any of these infants. All affected infants had arthrogryposis with other features
of CZS. Most of these infants died in the first year of life. We report the evaluation of three
additional infants with arthrogryposis and diaphragmatic paralysis associated with
congenital Zika syndrome (CZS) (Moore et al., 2016).

METHODS

Three infants with CZS were evaluated in Recife, Pernambuco, Brazil by a pediatric
neurologist (VvdL) and colleagues. Each infant received a comprehensive evaluation
including laboratory studies, clinical examination, neuroimaging, and neuro-logic diagnostic
procedures. Microcephaly was defined as a head circumference (HC) exceeding two SD
below the mean for gestational age and sex, according to the Fetal International and
Newborn Growth Consortium for the 21st Century (INTERGROWTH-21st) (https://
intergrowth21.tghn.org/) and for infants, the World Health Organization Child Growth
Standards (www.who.int/childgrowth/en/). Testing for congenital ZIKV infection included
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conventional reverse transcription-polymerase chain reaction (RT-PCR) for detection of
ZIKV RNA and ZIKV-specific immunoglobulin M (IgM) capture enzyme-linked
immunosorbent testing. Testing for disease-specific IgM was done for five congenital
infections that have been associated with congenital microcephaly—toxoplasmosis,
cytomegalovirus, rubella, syphilis, and human immunodeficiency virus. Testing for two
additional viruses (dengue and chikungunya) that can cause rash and fever in pregnancy, and
rarely, congenital infection, was performed using conventional RT-PCR for the detection of
dengue virus RNA and real-time RT-PCR for the detection of chikungunya virus RNA as
well as disease-specific IgM for both. Congenital ZIKV infection was inferred if testing for
ZIKV RNA or ZIKV-specific IgM was positive and testing for other congenital infections
was negative. Imaging included a noncontrast computed tomography (CT) scan with or
without noncontrast magnetic resonance imaging (MRI) of the brain, X-ray of the chest, and
X-ray of the hips. Bilateral phrenic nerve conduction studies (NCS) and ultrasound-guided
needle electromyography (EMG) of the diaphragm were also performed. Additional
evaluation included an MRI of the spinal cord (one infant), CT scan of the chest (one infant),
and ultrasound of the hips (one infant). The infants also had orthopedic evaluation.
Comprehensive neurologic examinations with assessment of developmental milestones were
performed during clinic visits. All infants underwent a sleep electroencephalogram (EEG)
and one also had a video EEG.

The reporting of case histories was approved by the Osvaldo Cruz University Hospital
(CAAE5283316.8.0000.5192), Recife, Pernambuco, Brazil and Association for Assistance
of Disabled Children ethics committee (CAAE: 68400017.9.0000.0085). Parental informed
consent was obtained for photography and inclusion of medical findings in scientific reports
and presentations for each of the three infants. Based on the study methods, this work was
deemed human subjects research without CDC engagement upon review by the human
subjects contact for the National Center on Birth Defects and Developmental Disabilities.

3| RESULTS

All three infants (one female, two males) were term births (Table S1). The mothers of infant
1 and infant 2 reported a rash illness at 4 and 2 months’ gestation, respectively. Birth HC
was more than 2 SD below the mean for infants 1 and 3 and slightly below the mean for
infant 2. HC measurements for infants 2 and 3 were more than 3 SDand 5 SD below the
mean at 19 months, respectively; infant 1 had a HC that measured 5 SD below the mean at 7
months. The cranial phenotype at birth varied as follows: normocephaly in infant 2,
microcephaly in infant 1, and findings consistent with the fetal brain disruption sequence
(Russell, Weaver, Bull, & Weinbaum, 1984) in infant 3.

Arthrogryposis was present in both upper and lower extremities in each infant (Figure S1).
Diaphragmatic paralysis was unilateral and right-sided in two infants (infants 1 and 2) and
bilateral in infant 3 although the anterior segments were more severely affected in this infant.
Pneumonia was diagnosed in all three infants and was a presenting feature of the
diaphragmatic paralysis in two infants. Of the two latter infants, one died at 18 months due
to respiratory failure and the other infant had pneumonia twice and required noninvasive
intermittent ventilation. Two infants required tube feedings and one had a gastrostomy
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placed. Infants 2 and 3 had Zika-specific immuno-globulin M (IgM) detected in
cerebrospinal fluid (CSF) by 1 month of age. IgM results were negative at 7 months in CSF
for infant 1 who was not tested in the first month of life; however, her phenotype was
consistent with CZS and her mother was symptomatic. None of the three infants had ZIKV
RNA detected.

Developmental milestones including visual tracking, interaction with the environment, social
smile, head control, and sitting without support were not attained by infants 1 and 3 by age
of last evaluation (i.e., 7 months in infant 1 and 19 months in infant 3) (Table S2). Infant 2
displayed visual tracking and social smile at 12 months but had not attained other tested
developmental achievements at 19 months. Persistent primitive reflexes, nystagmus, and
dysphagia were present in all three infants at time of last follow-up. Two of the three infants
had epilepsy as deter-mined by clinical and EEG findings. Infant 1 had no report of seizure,
but had an abnormal EEG with almost continuous focal discharges.

All infants had brain imaging (either CT or MRI) consistent with severe effects of congenital
ZIKV infection including cortical loss, ventriculomegaly, and intracranial calcifications
(Soares de Oliveira-Szejnfeld et al., 2016) (Table 1). Brainstem hypoplasia was noted in
infants 2 and 3, and cerebellar hypoplasia with Dandy—Walker malformation was noted in
infant 3 (Figure S2). Additionally, infant 2 had an MRI of the spinal cord which showed a
thin cord in the thoracic region predominantly in the ventral aspect, reducing the ventral
roots. Unilateral diaphragmatic paralysis was documented by chest X-ray in infants 1 and 2
and bilateral in infant 3 (Figure 1). NCS of the phrenic nerve showed reduced amplitudes of
the compound muscle action potential on the right in infants 1 and 2 and bilaterally in infant
3. Ultrasound-guided needle EMG showed signs of chronic denervation of the diaphragm
consistent with the pattern of the NCS. These findings are consistent with chronic
involvement of peripheral motor neurons innervating the diaphragm. Chest CT scan
indicated that the diaphragmatic paralysis was not uniform in the infant with bilateral
involvement, with the anterior area appearing to be more affected than the posterior (Figure
1).

4| DISCUSSION

This report adds to our understanding of the causal mechanism of diaphragmatic paralysis in
infants with arthrogryposis as a manifestation of CZS. All mammals have movement of the
diaphragm in utero preparing the newborn to breathe effectively upon delivery (Greer,
2012). In experimental animals, control of this process has been shown to be the result of
medullary centers which generate rhythmic bursts as well as interaction between the phrenic
motor neuron and the muscles of the diaphragm (Greer, 2012). The phrenic nerve arises
from the neck primarily from C3-C5 and receives innervation from both the cervical and
brachial plexus (Kokatnur & Rudrappa, 2018).

Diaphragmatic paralysis in the neonate can be the result of phrenic nerve palsy in
conjunction with brachial plexus palsy as a peripartum event (Bowerson, Nelson, & Yang,
2010); but, injury to the nerve during thoracic surgery is the most common cause of phrenic
nerve palsy in infants (Kokatnur & Rudrappa, 2018). Diaphragmatic paralysis occurring
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secondary to an intrauterine event has rarely been documented and can be difficult to discern
from a peripartum event; however, prenatal studies have documented onset before birth
(Alamo, Gudinchet, & Meuli, 2015).

In published reports of diaphragmatic issues and infections, distinguishing between
diaphragmatic eventration (i.e., aplasia or atrophy of central muscle fibers) and paralysis is
challenging. The term “eventration” has been used to designate any elevation of the
diaphragm whether due to aplasia or paralysis (Christensen, 1959; Tiryaki, Livanelioglu, &
Atayurt, 2006). Two infants with diaphragmatic eventration reported in the 1970s had
congenital cytomegalovirus (CMV) (Becroft, 1979; Wayne, Burrington, Myers, Cotton, &
Block, 1973). In a 2010 report, congenital CMV was linked to diaphragmatic dysfunction in
three infants (Izumi et al., 2010); these infants did not have phrenic NCS or EMG so
distinction between eventration and paralysis of the diaphragm is unclear. Other congenital
infections have not been implicated as causes of either diaphragmatic paralysis or
eventration. Of note, infectious causes of acquired diaphragmatic paralysis include viruses
within the same genus as ZIKV (i.e., Flavivirus) including dengue virus (Ratnayake,
Shivanthan, & Wijesiriwardena, 2012) and West Nile virus (Rudrappa, Kokatnur, &
Chernyshev, 2018), but also other infectious agents as the Borrelia burgdorferibacterium
(Reddy, McCannon, & Venna, 2015). This is the fifth report of associated diaphragmatic
paralysis perhaps consistent with ZIKV’s ability to affect both the central and peripheral
nervous systems.

The infants reported in the literature to date with arthrogryposis, diaphragmatic paralysis,
and congenital ZIKV infection have been severely affected and fit the pattern of CZS. In
addition, the phenotype has been quite similar. Congenital contractures have affected both
the upper and lower extremities, and with the exception of infant 3 in this report, all have
had unilateral and when described, right-sided paralysis of the diaphragm. Previous
evaluation of infants with CZS and arthrogryposis but without diaphragmatic paralysis have
shown involvement of both central and peripheral motor neurons by EMG (van der Linden
et al., 2016), thinning of the spinal cord and reduction in the ventral roots on MRI of the
spine (Aragao et al., 2017), and severe neuronal loss in the spinal cord with architectural
distortion and microcalcifications by histopathological examination (Ramalho et al., 2017).

The co-occurrence of phrenic nerve paralysis and upper limb arthrogryposis likely is related
to the close proximity and limited shared function of nerve roots in the cervical and brachial
plexuses—C3-5 for the phrenic nerve and C5-TI for innervation of the upper limb.
However, paralysis of the diaphragm is not a reported co-occurring condition with
arthrogryposis in general; rare reports of arthrogryposis with other congenital infections
have not included paralysis of the diaphragm as a co-occurring defect (Hall & Reed, 1982;
Konstantinidou et al., 2007). Why these two manifestations co-occur in this particular
congenital infection is unknown and why the effect appears to be predominantly right-sided
also is not readily apparent. In the lower extremities, there is potential, yet unproven,
peripheral nervous system involvement in the occurrence of neurogenic bladder with CZS
(Costa Monteiro et al., 2019). Although neurogenic bladder has not been specifically linked
to arthrogryposis in CZS, neurogenic bladder in children with the generic diagnosis of
arthrogryposis multiplex congenita has been reported (Arantes de Araujo, Ferraz de Arruda
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Musegante, de Oliveira Damasceno, Barroso, & Badaro, 2013) and sacral nerve roots
innervate both the bladder and lower extremities. In addition, ZIKV has been demonstrated
to persist in multiple tissues including those of the peripheral nervous system in infected
rhesus macaques (Hirsch et al., 2017).

This report is subject to at least two limitations. Despite negative ZIKV testing in her CSF,
infant 1 is presumed to have CZS based on her clinical findings and maternal symptoms.
ZIKV IgM has been shown to wane after the first few months of life in multiple studies (de
Araujo et al., 2018; Krow-Lucal et al., 2018). In addition, these findings might not be
generalizable to all similarly affected infants.

Clinical presentations in infants with isolated diaphragmatic paralysis vary widely from
asymptomatic to significant respiratory distress, recurrent infection, ventilator dependence,
and in some cases, death (Bowerson et al., 2010; Commare, Kurstjens, & Barois, 1994;
Kokatnur & Rudrappa, 2018). The infants in this report had numerous medical
complications and infant 1 died at age 18 months. As demonstrated in infant 3, the
diaphragmatic paralysis can be bilateral and, if severe, affected infants might die shortly
after birth and diaphragmatic paralysis could remain undetected.

5| CONCLUSION

This report supports the observation that arthrogryposis and diaphragmatic paralysis are
associated with congenital ZIKV infection. In these infants, phrenic nerve dysfunction
appears to be the causal mechanism for the diaphragmatic paralysis, providing additional
evidence of peripheral nervous system involvement with congenital ZIKV infection.
Recognizing this phenotype could benefit clinical management of infants with CZS
(Adebanjo et al., 2017) and provide insight into the causes of early mortality due congenital
Zika infection (Franca et al., 2016; Panchaud, Stojanov, Ammerdorffer, Vouga, & Baud,
2016).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Chest imaging of three infants with congenital Zika syndrome, arthrogryposis and

diaphragmatic paralysis, Brazil. (a) Infant 1 at age 7 months, chest X-ray shows elevation of
the right hemidiaphragm. (b) Infant 2 at age 11 months, chest X-ray shows elevation of the
right hemidiaphragm. (c) Infant 3 at age 8 months, chest X-ray shows elevation of the right
and left hemidiaphragms. (d, e) Infant 3 at 11 months, chest CT shows heterogeneous
diaphragmatic paralysis, with greater involvement of the right side and anterior area. CT,
computed tomography
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