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Editorial on the Research Topic
Neonatal health in low- and middle-income countries. Now is the time

The first 28 days after birth—the neonatal period—is the most vulnerable month for a child
(1). The global “Every Newborn” action plan, which was endorsed by the WHO General
Assembly in 2014, sets out an ambitious vision of a world with no preventable stillbirths
or neonatal deaths (2). The action plan, endorsed in 2014 by 194 member states,
articulates a goal that all countries reach the target neonatal mortality rate (NMR) of 12
or less newborn deaths per 1,000 live births by 2030, as well as commit to ongoing work
to reduce death and disability. Achieving this interim goal is essential to ensure that no
newborn is left behind. This metric was adopted as a target for Sustainable Development
Goal (SDG) Target 3.2 (3). Despite a decline of more than 50% in the global neonatal
mortality between 2000 and 2021, 2.4 million neonatal deaths still occur each year. The
majority (79%) of these deaths take place in countries in South Asia and Sub-Saharan
Africa, where the social system and health care settings are inadequately resourced.

This editorial team was pleased to use this special issue as an opportunity to identify new
frontiers in global neonatal health, especially in the context of two global crises—the SARS-
CoV-2 pandemic and climate change. We received 65 manuscripts, of which 40 (62%) were
accepted. These 40 included 27 (68%) original research manuscripts, five (13%) brief
research reports, three (8%) perspective pieces, two (5%) reviews, one (3%) case report,
one (3%) on hypothesis and theory, and one (3%) on methods. First authors represented
15 countries; six in Africa (Botswana, Ethiopia, Nigeria, South Africa, Tanzania, Uganda),
five in Asia (Bangladesh, China, India, Japan, Malaysia), three from Europe (Sweden,
Switzerland, United Kingdom) and one in North America (United States). Of the 40
accepted papers the countries with the most first authors were South Africa (8; 20%),
United States (7; 18%) and Ethiopia (5; 13%). Issues related to suboptimal study design
or biostatistical analysis led to the rejection of 25 submitted papers.

Multiple factors influence neonatal health in LMIC, so a broad range of topics were
included. High-risk preterm neonates in China were followed more effectively in a family-
centred, child-friendly multidisciplinary clinic, leading to an earlier diagnosis of
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neurodevelopmental impairment and cerebral palsy (Huang et al.).
In Ethiopia, less than 10% of neonates received post-natal check-
ups. Increasing antenatal care (ANC) visit utilization, improving
institutional delivery, raising awareness about neonatal danger
signs, increasing access to health care facilities, and implementing
home-based neonatal care visits by healthcare providers could all
help to improve postnatal check-ups (Birhane et al.).

The Every Mother Every Newborn (EMEN) tools can
reasonably measure WHO/UNICEF/UNFPA quality standards
(Sischo et al). In India, the quality and impact of home
visitation services remains challenging and can be enhanced by
addressing the social-cultural, organizational, educational,
economic, and physical nexus domains with concurrent efforts
for skill and confidence enhancement of the Accredited Social
Health Activists (ASHAs) and their credibility (4).

Most mothers in rural Ethiopia had limited knowledge of Early
Newborn Care (ENC). There is opportunity to enhance maternal
knowledge pertaining to cord care, breastfeeding, and thermal
care by improving access to ANC and institutional delivery
(Siseho et al.). In Bangladesh there is room for improvement of
the entire maternal care continuum—from ANC to facility
delivery and postnatal care (PNC) to improve care-seeking for
the sick newborn. Strategies such as referral training for
unqualified providers, targeted intervention for poorer
households, increasing community health care worker (CHW)
home visits and neonatal danger sign counselling at the facility
and community could address these issues in many LMIC
(Getachew et al.; Azad et al.).

A number of papers explored aspects of Kangaroo Mother Care
(KMC). In a neonatal cohort from South Africa, both HIV-exposed
uninfected and HIV unexposed uninfected groups of infants
showed reasonable weight gain regardless of maternal HIV status
(Getachew et al.). In Uganda implementation of KMC has been
suboptimal, despite wide acceptance (Azad et al.), highlighting
post-discharge challenges in rural and resource-limited settings.
The study provided insights on KMC implementation and
sustainability from the perspectives of key stakeholders,
highlighting the need for a holistic approach to KMC that
incorporates its adaptability to community settings and contexts.
Gambian researchers demonstrated the impact of health system
limitations on successful delivery of KMC, and suggested that
linkage to comprehensive health care worker (HCW) and KMC
provider education would enhance effectiveness, safe delivery and
monitoring (Mapatha et al.). Further context specific research
into safe and respectful implementation is required from varied
settings and should include perceptions of all stakeholders,
especially if there is a shift in global policy toward KMC for all
small vulnerable newborns (Mapatha et al; Kwesiga et al; Cho
et al.).

As LMIC health systems continue to advance, the complexity
of care also increases. One example is the correction of complex
birth defects such as bladder exstrophy (BE). BE requires a
complex, long-term course of care and in India this significantly
impacted caregiver distress (Spencer et al). Mental health
screening for caregivers of children with complex congenital
anomalies like BE, should be an essential element of any
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comprehensive effort to alleviate the global burden on mothers
and families of neonates born with congenital anomalies.

Newborn nutrition is crucial. Feeding practices for very
preterm and VLBW infants vary widely within Nigeria and
Kenya, likely because of lack of locally generated evidence. High
quality research that informs the feeding of these infants in the
context of limited human resources, technology and consumables
is urgently needed (Tongo et al.). Vitamin insufficiency should
be checked (Wang et al) as well as awareness of maternal
undernutrition (Bilal et al.) and poor neonatal care in conflict
settings (Kampalath et al.).

Health systems strengthening at all levels and quality
improvement work is needed to improve global neonatal health
and reduce death rates. Factors influencing neonatal mortality,
morbidity and outcomes (Ramdin et al.; Ingemyr et al; Shiferaw
et al; Mokuolu et al; Adugna and Worku; McCulloch et al.)
were discussed in several papers, especially preterm babies
(Mangiza et al; Hailemeskel and Tiruneh) as well as a need to
optimize treatment of respiratory distress syndrome with
appropriate and affordable non-invasive equipment (Ekhaguere
et al.). Several studies examined factors associated with poor
neonatal outcome, emphasizing that the quality of newborn care
around the time of birth and prior to discharge is essential. In
South Africa’s largest hospital almost one-third of babies born by
Caesarian section develop moderate (27%) or severe (2%)
hypothermia (Siseho et al; Patel et al.). Poor outcomes may also
follow discharge against medical advice (DAMA). In China, the
rate of DAMA in preterm infants remains high (14%) with a
significant impact on neonatal mortality rates (Xiu et al).
Continuous efforts to reduce hypothermia after Caesarian
delivery and minimize neonatal DAMA would likely result in
substantial improvement of outcomes for infants in many parts
of the world. It is essential to have available locally-appropriate
technologies to avoid hypothermia after birth (5) as well as
enable effective screening of neonatal jaundice (Suzuki et al.). To
reduce risk of complications of neonatal hypoxic ischemic
encephalopathy in LMIC, hypothermia treatment is warranted
but challenging to perform [Birhane et al. (5), Boo et al.]. Other
papers emphasized the need for newborn resuscitation training
with video-recording (Olson et al), and that intramuscular
epinephrine in a neonatal animal model (Berkelhamer et al.) was
not effective. Training of NICU staff is important to strengthen
basic neonatal care practises (Swanson et al.), not least when the
ward is understaffed and overcrowded. Complications of
prematurity as well as congenital conditions and options for
adequate treatment in LMIC were discussed in various papers
(Spencer et al; Xiu et al; Kesting and Nakwa; Vidavalur; Liu
et al.). Last, but not least, several papers focused on neonatal
infection prevention, antibiotic stewardship, antibiotic resistance
patterns (Johnson et al; Holgate et al; Shah et al.), and
infectious diseases that are more common in warm climate
LMICs (Mapatha et al; Nakstad et al; Nakwa et al;
Sundararaman and Odom John).

We wish to highlight ongoing challenges of achieving scientific
equity for work being done in LMIC. Ensuring that physicians,
scientists, and policy makers from all parts of the globe have easy
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access to these publications was essential to our editorial team.
While open access publications achieve this “access” goal, we
acknowledge that publication fees represent a barrier to many
scientific authors. This barrier disproportionately affects authors
from LMICs who have less access to research funding. This in
turn perpetuates a systemic publication bias in favour of data
from high-income countries (HIC) and stunts science in LMICs.
We encourage journals to find the sweet spot of open access,
affordability for authors and journal financial sustainability. An
excellent example of how this might be accomplished is the
recently launched Journal of African Neonatology (6). This
biannual peer-reviewed open-access journal published by the
African Neonatology Association accepts and publishes
manuscripts in English and French with a publication fee of US
$50. Indeed, now is the time for major progress in neonatal
health in LMIC.

We also acknowledge that this research topic only accepted
manuscripts in English favouring some authors but placing many
at a linguistic disadvantage. A number of papers benefitted from
detailed copy editing by generous, dedicated reviewers and we
acknowledge and sincerely thank them for their contributions
towards scientific equity.

This collection of articles is timely, inspiring, informative, and
crucial, but given the grand scope and pressing nature of the topic,
incomplete. With an eye to the future, we hope that this collection
will be part of a “publication shift” where many future research
topics will be dedicated to neonatology in LMIC and that
journals will increasingly focus on highlighting scholarship to
advance neonatal care in LMIC. Guided by expert opinion and
evidence for equitable partnerships in global child health

References

1. UNICEF. Under-five mortality: United Nations International Children’s
Emergency Fund. (2023). Available from: https://data.unicef.org/topic/child-survival/
under-five-mortality/

2. WHO. Every Newborn Action Plan. (2014). Available from: https://www.who.int/
initiatives/every-newborn-action-plan

3. UN. United Nations Sustainable Development Goals. (2023). Available from:
https://sdgs.un.org/goals

4. Deshmukh V, John S, Pakhare A, Dasgupta R, Joshi A, Chaturvedi S, et al. Barriers in
reaching new-borns and infants through home visits: a qualitative study using nexus
planning framework. Front Public Health. (2022) 10:956422. doi: 10.3389/fpubh.2022.956422

Frontiers in Pediatrics

10

10.3389/fped.2023.1168915

[Steenhoff et al. (7)], let us each play our role in advancing the
care of neonates in LMIC.

Author contributions

All authors were part of the Editorial board of the Research
Topic of Neonatal Health in Low- and Middle-Income Countries.
All were editing and reviewing manuscripts in the research topic,
contributed to writing and accepting the final version of the
manuscript. All authors contributed to the article and approved
the submitted version.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

5. Brambilla Pisoni G, Gaulis C, Suter S, Rochat MA, Makohliso S, Roth-Kleiner M,
et al. Ending neonatal deaths from hypothermia in sub-saharan Africa: call for
essential technologies tailored to the context. Front Public Health. (2022) 10:851739.
doi: 10.3389/fpubh.2022.851739

6. JAN. Journal of African Neonatology: African Neonatal Association (2023).
Available from: https://ja-na.org/index.php/jana

7. Hinton R, Armstrong C, Asri E, Baesel K, Barnett S, Blauvelt C, et al. Specific
considerations for research on the effectiveness of multisectoral collaboration:
methods and lessons from 12 country case studies. Global Health. (2021) 17(1):18.
doi: 10.1186/s12992-021-00664-w

frontiersin.org


https://doi.org/10.1542/peds.2016-3823
https://data.unicef.org/topic/child-survival/under-five-mortality/
https://data.unicef.org/topic/child-survival/under-five-mortality/
https://www.who.int/initiatives/every-newborn-action-plan
https://www.who.int/initiatives/every-newborn-action-plan
https://sdgs.un.org/goals
https://doi.org/10.3389/fpubh.2022.956422
https://doi.org/10.3389/fpubh.2022.851739
https://ja-na.org/index.php/jana
https://doi.org/10.1186/s12992-021-00664-w
https://doi.org/10.3389/fped.2023.1168915
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

'," frontiers
in Pediatrics

ORIGINAL RESEARCH
published: 06 January 2022
doi: 10.3389/fped.2021.794637

OPEN ACCESS

Edited by:

Shi Yuan,

Children‘s Hospital of Chongqing
Medical University, China

Reviewed by:

Tuuli Metsvaht,

University of Tartu, Estonia

Shan He,

The First People’s Hospital of Yunnan
Province, China

*Correspondence:
Julia Johnson
jiohn245@jhmi.edu

Specialty section:

This article was submitted to
Neonatology,

a section of the journal
Frontiers in Pediatrics

Received: 13 October 2021
Accepted: 13 December 2021
Published: 06 January 2022

Citation:

Johnson J, Latif A, Randive B,
Kadam A, Rajput U, Kinikar A,
Malshe N, Lalwani S, Parikh TB,
Vaidya U, Malwade S, Agarkhedkar S,
Curless MS, Coffin SE, Smith RM,
Westercamp M, Colantuoni E,
Robinson ML, Mave V, Gupta A,
Manabe YC and Milstone AM (2022)
Implementation of the Comprehensive
Unit-Based Safety Program to
Improve Infection Prevention and
Control Practices in Four Neonatal
Intensive Care Units in Pune, India.
Front. Pediatr. 9:794637.

doi: 10.3389/fped.2021.794637

®

Check for
updates

Implementation of the
Comprehensive Unit-Based Safety
Program to Improve Infection
Prevention and Control Practices in
Four Neonatal Intensive Care Units in
Pune, India

Julia Johnson"?*, Asad Latif*>*, Bharat Randive®, Abhay Kadam?®, Uday Rajput®,
Aarti Kinikar®, Nandini Malshe’, Sanjay Lalwani®, Tushar B. Parikh®, Umesh Vaidya®,
Sudhir Malwade °, Sharad Agarkhedkar®, Melanie S. Curless'!, Susan E. Coffin ',
Rachel M. Smith'®, Matthew Westercamp '3, Elizabeth Colantuoni™,

Matthew L. Robinson ', Vidya Mave®'®, Amita Gupta™, Yukari C. Manabe ® and
Aaron M. Milstone ¢

" Division of Neonatology, Department of Pediatrics, Johns Hopkins University School of Medicine, Baltimore, MD,

United States, 2 Department of International Health, Johns Hopkins Bloomberg School of Public Health, Baltimore, MD,
United States, ° Department of Anesthesia and Critical Care Medicine, Johns Hopkins University School of Medicine,
Baltimore, MD, United States, * Armstrong Institute for Patient Safety and Quality, Johns Hopkins Medicine, Baltimore, MD,
United States, ° Byramjee-Jegjeebhoy Government Medical College-Johns Hopkins University Clinical Research Site, Pune,
India, ¢ Department of Pediatrics, Byramjee-Jegjeebhoy Government Medical College, Pune, India, ” Department of
Neonatology, Bharati Vidyapeeth Deemed to Be University Medical College, Pune, India, ¢ Department of Pediatrics, Bharati
Vidyapeeth Deemed to Be University Medical College, Pune, India, ° Department of Pediatrics, King Edward Memorial
Hospital, Pune, India, '° Department of Pediatrics, Dr. D. Y. Patil Medical College, Pune, India, ' Department of Hospital
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Objective: To implement the Comprehensive Unit-based Safety Program (CUSP) in four
neonatal intensive care units (NICUs) in Pune, India, to improve infection prevention and
control (IPC) practices.

Design: In this quasi-experimental study, we implemented CUSP in four NICUs in
Pune, India, to improve IPC practices in three focus areas: hand hygiene, aseptic
technique for invasive procedures, and medication and intravenous fluid preparation and
administration. Sites received training in CUSP methodology, formed multidisciplinary
teams, and selected interventions for each focus area. Process measures included fidelity
to CUSP, hand hygiene compliance, and central line insertion checklist completion.
Outcome measures included the rate of healthcare-associated bloodstream infection
(HA-BSI), all-cause mortality, patient safety culture, and workload.

Results: Atotal of 144 healthcare workers and administrators completed CUSP training.
All sites conducted at least 75% of monthly meetings. Hand hygiene compliance odds
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increased 6% per month [odds ratio (OR) 1.06 (95% CI 1.03-1.10)]. Providers completed
insertion checklists for 68% of neonates with a central line; 83% of checklists were
fully completed. All-cause mortality and HA-BSI rate did not change significantly after
CUSP implementation. Patient safety culture domains with greatest improvement were
management support for patient safety (+7.6%), teamwork within units (+5.3%), and
organizational learning—continuous improvement (+4.7%). Overall workload increased
from a mean score of 46.28 + 16.97 at baseline to 65.07 + 19.05 at follow-up (o
< 0.0001).

Conclusion: CUSP implementation increased hand hygiene compliance, successful
implementation of a central line insertion checklist, and improvements in safety culture
in four Indian NICUs. This multimodal strategy is a promising framework for low- and
middle-income country healthcare facilities to reduce HAI risk in neonates.

Keywords: neonate, healthcare-associated infection, patient safety, hand hygiene, aseptic technique, patient

safety culture, multimodal strategy, bloodstream infection

INTRODUCTION

As facility-based births increase worldwide, low- and middle-
income countries (LMIC) increasingly provide care for
premature and sick neonates in neonatal intensive care units
(NICUs) and special care nurseries (1). Hospitalized neonates are
uniquely vulnerable to healthcare-associated infections (HAI)
(2, 3). Poor infection prevention and control (IPC) practices
augment this risk in many LMIC healthcare facilities (4). The
burden of HAI in hospitalized neonates in LMICs exceeds that
of facilities in high-income settings (5). The predominance of
multi-drug resistant Gram-negative HAIs, which have limited
treatment options and are associated with high morbidity and
mortality in neonates, underscores the urgency of prevention
interventions (6-8).

The World Health Organization (WHO) recommends
implementation of multimodal improvement strategies for
IPC with the following five elements: (1) system change,
(2) training and education, (3) monitoring and feedback, (4)
reminders and communication, and (5) culture change (9, 10).
The Comprehensive Unit-based Safety Program (CUSP) is a
multimodal improvement strategy that has been successfully
implemented to improve IPC practices. CUSP has been used
to reduce risk of central line-associated bloodstream infections
(CLABSIs) and other HAIs in a variety of healthcare settings
and populations (11-17). CUSP fosters the creation of a unit-
based multidisciplinary team and empowers staff to assume
responsibility for change, improving local patient safety culture
and compliance with best practices to reduce HAIs and
other threats to patient safety (18). While CUSP has been
successfully applied internationally in high-income settings,
including in Saudi Arabia and the United Arab Emirates, there
is limited experience in NICU and LMIC settings (16, 17). Our
objective was to assess the performance of CUSP in NICUs
in an LMIC setting to guide IPC improvement strategies,
reduce HAI risk in hospitalized neonates, and improve patient
safety culture.

METHODS

In this quasi-experimental study, we implemented CUSP to
improve adherence to evidence-based IPC practices in four
tertiary care NICUs in Pune, India. Consent was obtained from
all healthcare workers (HCWs) who completed surveys. This
study was approved by the Johns Hopkins Medicine Institutional
Review Board, the ethics committees of all participant sites,
and the Indian Health Ministry’s Screening Committee. This
manuscript uses the SQUIRE 2.0 standards for reporting (19).

Study Sites

All participant sites are tertiary care facilities with high-volume
NICUs located in Pune, India, though referral patterns and
patient demographics differ. Byramjee Jeejeebhoy Government
Medical College (BJGMC) is a government medical college
affiliated with Sassoon Hospital, which has a 60-bed NICU. King
Edward Memorial (KEM) Hospital is a non-governmental facility
run by a charitable trust and has a 46-bed NICU. Dr. D. Y. Patil
Medical College is a private medical college and has a 26-bed
NICU. Bharati Vidyapeeth Deemed University Medical College
is a private medical college and has a 60-bed NICU. All hospitals
are delivery centers and admit both inborn and outborn neonates.

CUSP Implementation

CUSP is a validated strategy to empower staff to improve
unit-level patient safety and consists of the following steps:
(1) educate staff on the science of safety, (2) engage staff in
identifying defects, (3) partner with a senior executive, (4)
identify and learn from defects, and (5) implement teamwork
tools (20). CUSP methodology has previously been described in
the literature and the CUSP toolkit is publicly available on the
Agency for Healthcare Research and Quality’s (AHRQ) website
at www.ahrq.gov (11, 20, 21). In this study, CUSP was used
to improve HCW adherence to evidence-based IPC practices
and reduce HAI risk in the NICU (see conceptual framework,
Figure 1). Site staff received training in CUSP methodology and
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Structure Process
Unit factors - layout, staffing
Baseline IPC practices
Baseline patient safety culture

implementation

completion

Fidelity to CUSP - meeting
occurrence, attendance
CUSP team activities -
intervention selection,

Hand hygiene compliance
Central line insertion checklist

Outcomes

HA-BSI rate

Late all-cause mortality
Patient safety culture (HSOPS)
Workload (NASA-TLX)

NASA-TLX, National Aeronautics and Space Administration Task Load Index.

Context
Implementation barriers and facilitators

FIGURE 1 | Conceptual framework for CUSP implementation at four tertiary care neonatal intensive care units in Pune, India. CUSP, Comprehensive Unit-based
Safety Program; HA-BSI, healthcare-associated bloodstream infections; HSOPS, Hospital Survey on Patient Safety Culture; IPC, infection prevention and control;

formed multidisciplinary teams led by a CUSP nurse champion
and physician champion. Monthly CUSP meetings were attended
by CUSP facilitators. Teams were additionally supported by
monthly coaching calls.

Baseline IPC Assessments

Baseline IPC assessments of practices relevant to neonatal care
at the facility level and within the Labor & Delivery ward and
NICU were conducted in February 2017 and January 2018 using
the Infection Control Assessment Tool (ICAT), 2nd version
(2009) (22, 23). We supplemented the ICAT with questions
specific to neonatal care, such as the storage and preparation
of breast milk and formula feeds, umbilical catheter insertion
and maintenance, and isolette and radiant warmer cleaning and
disinfection. After review of these assessments and discussions
with key local stakeholders, we identified three focus areas for
CUSP: hand hygiene, aseptic technique for invasive procedures,
and medication and intravenous (IV) fluid preparation and
administration. For the third focus area, medication and IV
fluid preparation and administration, sites were additionally
provided an injection safety assessment tool that guided site self-
assessment of existing practices (see Supplementary Material).

Selection and Implementation of

Interventions

After CUSP teams were formed, unit-level staff selected
interventions for the three focus areas, hand hygiene, aseptic
technique for invasive procedures, and medication and IV fluid
preparation and administration. For each pre-selected focus
area, sites completed a two-question Staft Safety Assessment
(SSA), adapted from the CUSP toolkit to each focus area in
order to elicit staff perceptions of threats to patient safety
within each focus area (Supplementary Table 1). After analyzing
SSA responses, each CUSP team identified and implemented
targeted interventions for each focus area. All sites initiated hand
hygiene monitoring and implemented a central line insertion
checklist (see Supplementary Material). Other interventions
were selected and implemented at sites’ discretion (Table1).
For focus area 2, creation of a central line maintenance audit

tool was requested; completion of this tool was encouraged but
not monitored (see Supplementary Material). For focus area
3, the injection safety assessment tool was used to support site
assessments of existing practices and selected of interventions,
which included use of multi-dose medication vials with a lower
concentration, thereby reducing number of doses per vial, use of
dedicated staff for preparation of all medications and IV fluids,
and moving medication and IV fluid preparation to a separate
space outside of the immediate patient care area (Figure 1).
Notably, most medications administered in site NICUs are
admixed in the patient care areas, rather than in the hospital’s
central pharmacy.

During monthly CUSP coaching calls, study team CUSP
coaches and facilitators introduced adapted CUSP tools to
support the implementation of interventions, such as the SSA and
Patient Safety Rounds (see Supplementary Material) (21).

Outcomes

Process measures included CUSP training participation, monthly
meeting occurrence and attendance, hand hygiene compliance,
and central line insertion checklist completion. Outcome
measures included the rate of healthcare-associated bloodstream
infections (HA-BSI), all-cause mortality, patient safety culture,
and workload.

Process Measures

CUSP Participation

We recorded attendance of all participants in CUSP training
by name, role, and site. Each site recorded attendance of all
participants by name and role at each monthly CUSP meeting.

Hand Hygiene Compliance

Hand hygiene compliance was measured by direct observation
using trained external observers via the SpeedyAudit™
application (HandyMetrics Corporation, Toronto, Canada).
Hand hygiene compliance was recorded by HCW role and the
five moments of hand hygiene: (1) before touching a patient; (2)
before clean/aseptic procedures; (3) after body fluid exposure
risk; (4) after touching a patient; and (5) after touching patient
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TABLE 1 | CUSP interventions, general and by focus area, categorized by the five elements of the WHO multimodal IPC improvement strategy.

System change Training and Monitoring and Reminders and Culture of safety
education feedback communication
General Creation of CUSP methodology HA-BSI rate Use of WhatsApp Creation of CUSP
multidisciplinary CUSP training for monitoring* group to facilitate mission statement
team* administrators and Sharing of HA-BSI data CUSP champion focused on patient

Hand hygiene

Aseptic technique

Medication and IV fluids

Senior executive linked
with unit*

Infection control
member of CUSP
team*

CUSP nurse to support
interventions*
Dedicated unit staff to
decrease turnover

Involvement of mothers
and families in HH
Change in HH product
to reduce allergic
dermatitis

Assessment of supply
chain issues

Senior executive
involvement in
addressing supply
chain issues

Creation of additional
ABHR storage space to
avoid stock outage
Emergency cart
stocked with

HH supplies

Implementation of
central line insertion
checklist*
Implementation of
central line
maintenance checklist*

Dedicated staff
assigned to prepare all
injections

Dedicated injection
preparation space
outside of immediate
patient care area
Change in use of
multi-dose vials with
lower medication
concentration when
available

Additional refrigerated
storage for medications

Change in standard
injection times to
reduce workload

unit-level staff*
CUSP orientation for
new unit staff
Transition training for
CUSP sustainability*
HA-BSI root cause
analysis training*

Group HH
demonstration
sessions

Video-based HH
education

Targeted training for
HH moments with poor
compliance*

Training for new interns
by senior residents
Training of mothers on
HH technique
Involvement of mothers
in education of

other mothers

Use of slide
presentation and
videos to train staff on
aseptic technique*
NABH care bundle
training materials
Training for new interns
by senior residents

Use of slide
presentation to train
staff on injection safety*

Training for new interns
by senior residents

at monthly CUSP
meetings*
Monitoring of CUSP
meeting frequency,
attendance,

and participation®

Internal HH compliance
monitoring using
SpeedyAudit™
application®

Sharing of HH data at
monthly CUSP
meetings*

Feedback of HH data
to unit staff*
Individualized feedback
for those with poor
compliance

CCTV use for targeted
HH monitoring and
feedback

Appreciation of unit
staff following best

HH practices

Monthly audits of
central line insertion
checklist completion*
Sharing of checklist
completion data at
monthly

CUSP meetings*

Observation of hub
cleaning practices
Injection safety audit*

communication with
study team*

Use of WhatsApp
groups to announce
CUSP meetings,
circulate agenda, and
distribute information*
Monthly CUSP
coaching calls*

Posters describing five
moments of HH and
importance of HH
Bedside HH reminders
Televised reminders in
staff areas

WhatsApp group
reminders for CL
insertion and
maintenance checklist
completion

Use of WhatsApp
groups to circulate
training materials,
posters, and NABH
care bundle information

Posters detailing steps
of medication
preparation

Bedside reminder flags
for scrubbing the hub

safety”

CUSP team logo
design

Display of mission and
logo in unit
Engagement of staff in
identifying threats to
safety via SSA*

HH SSA completion*
HH focused mission
statement*

Emphasis on
importance of HH by all
unit staff*

Coordination with other
departments to
motivate visiting staff to
perform HH
Participation in World
Hand Hygiene Day*

Aseptic technique SSA
completion*
Nurses/staff
empowered to stop
aseptic procedure if
appropriate steps

not followed*

Medication and
intravenous fluid
preparation and
administration
SSA completion*

Interventions were selected and implemented by CUSP teams and site-specific. *Interventions implemented by all sites. ABHR, alcohol-based hand rub; CL, central line; CUSR,
Comprehensive Unit-based Safety Program, HH, hand hygiene; IPC, infection prevention and control; IV, intravenous; NABH, National Accreditation Board of Hospitals and Healthcare
Providers (India); SSA, Staff Safety Assessment; WHO, World Health Organization.
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TABLE 2 | CUSP team meeting frequency and attendance by site and month,
June 2018-September 2019.

Site 1 Site 2 Site 3 Site 4
Meetings took place, n (%) 16 (100) 15 (94) 12 (75) 12 (75)
Number of attendees, mean 1.7 14.8 8.8 12.1
Meetings attended by, n (%)
Physician champion 16 (100) 15 (100) 11 (92) 12 (100)
Nurse champion 16 (100) 13 (87) 11(92) 12 (100)
Senior nurse 14 (88) 5(39) 0 8 (67)
Infection control 7 (44) 13 (87) 9(75) 12 (100)
Senior executive 4 (25) 1(7) 6 (50) 9 (75)
CUSP facilitator 16 (100) 15 (100) 11(92) 11 (92)

Number of attendees (summary and by month) includes only meeting participants from
the site, not the CUSP facilitator or any other study staff. CUSP facilitator attendance is
noted separately. CUSR, Comprehensive Unit-based Safety Program.

surroundings (24). Hand hygiene data by HCW role and moment
of hand hygiene were reported monthly and shared with site
CUSP teams and unit staff throughout the study period.

Central Line Insertion Checklist Completion

The central line insertion checklist was adapted from the
Johns Hopkins Hospital Pediatric Central Arterial and
Venous Catheter Insertion Checklist with input from local
stakeholders (see tools included in Supplementary Material).
Sites implemented the central line insertion checklist in January-
February 2019; none of the sites had a similar checklist in
place prior to the study. Checklist completion was monitored
by monthly audit completed by external assessors, with an
assessment of central line checklist presence and completion in
the medical record of neonates with a central line in place, and
reported monthly at CUSP meetings.

Outcome Measures

Healthcare-Associated Bloodstream Infections and
All-Cause Mortality

HA-BSI was defined as culture-confirmed BSI on hospital day
3 or greater. The monthly rate of HA-BSI was expressed as
cases per 1,000 patient-days. Blood cultures were obtained at the
discretion of the clinical teams and processed at site microbiology
laboratories. For the primary outcome of HA-BSI, organisms
deemed as likely contaminants (per categorization as a common
commensal per the Centers for Disease Control and Prevention
National Healthcare Safety Network) were excluded, with the
exception of coagulase negative Staphylococcus (CONS), one of
the most common HA-BSI pathogens in hospitalized neonates
(2, 25). All-cause mortality was defined as the number of
deaths per 100 admissions among neonates admitted for at
least 3 days. HA-BSI and mortality data was collected as part
of a concurrent prospective cohort study enrolling all neonates
admitted to the NICU in which three sites participated (26). The
fourth site reported unit-level HA-BSI and mortality data for
outcome ascertainment.

Patient Safety Culture

Patient safety culture was assessed at baseline and follow-
up using the Agency for Healthcare Research and Quality
(AHRQ) Surveys on Patient Safety Culture (SOPS™) Hospital
Survey (HSOPS) version 1.0 (27). The HSOPS consists of
42 items organized into 12 composite dimensions that assess
elements of patient safety culture using a Likert response
scale as well as nine items assessing respondent characteristics
(Supplementary Table 2). The survey was administered in
English, Marathi, or Hindi based on respondent preference.
Survey responses were anonymous, and baseline and follow-up
survey responses were not linked.

Workload

Workload was assessed at baseline and follow-up using the
National Aeronautics and Space Administration Task Load Index
(NASA-TLX) (28). The NASA-TLX assesses workload across six
domains: mental demand, physical demand, temporal demand,
effort, performance, and frustration. Each domain is assessed by
a single item on a 20-point continuous scale. The NASA-TLX was
administered with the HSOPS; responses were also anonymous
and not linked.

Statistical Analysis

Logistic regression models were used to describe trends
in hand hygiene compliance after CUSP implementation.
The models included month and allowed for comparisons
across site and by HCW role. All regression models

accounted for potential autoregressive correlation of
rates within a site over time; standard errors for
the pooled analyses were estimated wusing robust

variance estimates.

Descriptive analyses included summarizing baseline and
post-implementation HA-BSI rates and all-cause mortality
overall and by site. The site-specific baseline and post-
implementation HA-BSI and mortality rates were compared
using two-sample Poisson tests. The pooled relative monthly
HA-BSI and mortality rates comparing the post-implementation
and baseline periods were estimated using Poisson regression
models with the number of HA-BSI or deaths as the
outcome, main effect for the post-implementation and baseline
periods and offset for total exposure time (patient-days
or admissions).

For HSOPS analysis, percent positive scores (PPS) by
item were calculated by dichotomizing responses and reverse
coding scores for negative items. Mean PPS for composite
domains were calculated by averaging PPS across items
included in each domain. Comparison of baseline and
follow-up patient safety culture was performed by site-level
analysis of the difference in mean PPS for each composite
domain. Confidence intervals (Cls) for the change in the
mean PPS for composite domains were generated using
a bootstrap procedure. Given that it was not possible to
link responses for a respondent who participated in both
baseline and follow-up surveys, the bootstrap procedure
was used to replicate this potential clustering by resampling
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FIGURE 2 | Hand hygiene compliance by site and month, June 2018-September 2019. Monthly hand hygiene compliance was expressed as the proportion of
monthly observations compliant, by site for all healthcare worker roles. Hand hygiene was monitored monthly via direct observation by trained observers. There were
8,684 opportunities for hand hygiene across all four sites over the course of the study period. The pooled hand hygiene compliance is based on a logistic regression
model for observation compliance as a function of month from CUSP implementation.

respondents with replacement within site and pre- and post-
intervention surveys. The reported bootstrap CIs are based
on 1000 bootstrap samples and use the bias-corrected and
accelerated method.

For NASA-TLX analysis, mean scores were calculated

at baseline and follow-up for the six domains of
workload. An overall workload score was calculated
by summing the six domain scores at baseline and

at follow-up, for a maximum score of 120. Baseline
and post-intervention means were compared using
Students t-test. A p-value <0.05 was considered

statistically significant.

All statistical analyses were completing using Stata version
15.0 (Stata Corp., College Station, TX) and R version 3.6.1 (R
Foundation for Statistical Computing, Vienna, Austria).

RESULTS

Process Measures

CUSP Methodology Training

Across the four sites, 144 HCWs and administrators participated
in CUSP methodology training in March 2018. Central
training was attended mostly by administrators and senior
leadership, as well as physician and nurse champions for
each site. Site-based training included primarily unit-based
staff as well as infection control staff. By the conclusion of
training, all sites identified CUSP team members, including
physician and nurse champions, a senior executive partner,

infection control staff, and additional unit-based physicians
and nurses.

CUSP Meetings and Coaching Calls

CUSP meetings took place monthly at each site over the
course of the study period (Table2). All sites conducted
at least 75% of monthly meetings, with average attendance
ranging from 8.8 to 14.8 participants per meeting across
sites. The proportion of monthly meetings attended was

highest among physician and nurse champions (87-
100%). Senior executive attendance varied from 7%
to 75%.

Hand Hygiene Compliance

There were 8684 hand hygiene observations across the sites
over the course of the study period with all four sites
collecting hand hygiene observations within 3 months of
CUSP implementation (Figure2). From the pooled analysis
of all four sites, the proportion of compliant hand hygiene
observations during the month of CUSP implementation was
51% (95% confidence interval (CI) 40-62%) and increased
significantly to 56% (95% CI 46-65%), 65% (95% CI 57-
72%), and 73% (95% CI 65-81%) by the 3rd, 9th and 15th
month, respectively, following CUSP implementation; odds of
hand hygiene compliance increased 6% per month, odds ratio
(OR) 1.06, 95% CI 1.03-1.10). All sites had a statistically
significant increase in the estimated hand hygiene compliance
from CUSP implementation to the 15th month thereafter: site
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FIGURE 3 | Healthcare-associated bloodstream infection rate and all-cause mortality by site and month. The monthly HA-BSI was expressed as cases per 1,000
patient-days. All-cause mortality was expressed as deaths per 100 admissions among neonates admitted for at least 3 days. The pooled estimates are based on a
Poisson regression model for the monthly rate of HA-BSI or mortality as a function of post- vs. pre-CUSP implementation. CUSP, Comprehensive Unit-based Safety
Program; HA-BSI, healthcare-associated bloodstream infection.

1 from 48 to 67% (OR 1.05, 95% CI 1.04-1.07), site 2 from
52 to 78% (OR 1.08, 95% CI 1.06-1.11), site 3 from 33 to
76% (OR 1.13, 95% CI 1.10-1.16), and site 4 from 61 to 87%
(OR 1.10, 95% CI 1.01-1.19). The rate of change of hand
hygiene compliance over time did not differ by HCW role
(p =0.988).

Central Line Insertion Checklist Completion

From January 2019 until September 2019, there were 486
neonates who had a central line in place at time of monthly
checklist audit. For site 1 (n 146), 68% of neonates with a
central line in place had an insertion checklist present in the
medical record; site 2 (n = 166) 100%, site 3 (n = 136) 48%,
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TABLE 3 | Healthcare-associated bloodstream infection rate and all-cause mortality at baseline and post-intervention, by site.

HA-BSI HA-BSI cases Patient-days HA-BSI rate per 1,000 patient-days RR (95% Cl)
Site 1

Baseline 114 17,743 6.4 Ref
Post-intervention 142 19,953 7.1 1.11(0.87-1.42)
Site 2

Baseline 47 11,452 4.1 Ref
Post-intervention 26 12,152 2.1 0.52 (0.32-0.84)
Site 3

Baseline 28 3,133 8.9 Ref
Post-intervention 49 3,188 15.4 1.72 (1.08-2.74)
Site 4

Baseline 13 1,369 9.50 Ref
Post-intervention 34 3,924 8.66 0.91(0.48-1.79)
All-cause mortality Deaths Admissions Deaths per 100 admissions RR (95% CI)
Site 1

Baseline 214 2,192 9.76 Ref
Post-intervention 220 1,850 11.89 1.21 (1.00-1.46)
Site 2

Baseline 47 787 5.97 Ref
Post-intervention 35 839 417 0.68 (0.44-1.05)
Site 3

Baseline 30 481 6.24 Ref
Post-intervention 61 488 12.50 2.00 (1.29-3.10)
Site 4

Baseline 245 2.86 Ref
Post-intervention 15 552 2.72 0.95 (0.39-2.34)

Healthcare-associated bloodstream infections were defined as positive blood cultures with a known neonatal bacterial or fungal pathogen occurring on hospital day 3 or greater. Patient-
days at risk were calculated as patient-days from hospital day 3 until NICU exit. All-cause mortality was defined as deaths per 100 admissions among neonates admitted for at least 3
days. Cl, confidence interval; HA-BSI, healthcare-associated bloodstream infection; RR, relative rate. Bolded values reach statistical significance.

and site 4 (n = 38) 66%. Site 4’s data were only representative
of the last 5 months of checklist use; data were collected on
checklist presence and completion, but not on the total number
of neonates with central lines during the prior 4 months. Among
checklists present in the chart (n = 364), 83% were completed (no
required fields left blank).

Outcome Measures

Healthcare-Associated Bloodstream Infections
During the baseline period, there were 202 HA-BSI cases, with
an HA-BSI rate of 5.99 per 1,000 patient-days (Figure 3). During
the post-intervention period, there were 251 HA-BSI cases, with
an HA-BSI rate of 6.40 per 1,000 patient-days. Overall, there was
no statistically significant change in the monthly HA-BSI rate
from baseline to the post-intervention period, with a relative rate
(RR) 0f 0.97 [95% confidence interval (CI) 0.92-1.03] (Figure 3).
HA-BSI rates demonstrated seasonality with increased rates over
the monsoon period (June-September), which coincided with
the start of the post-intervention period. There was no change
in monthly HA-BSI rates for sites 1 and 4 (Table 3). Site 2
demonstrated a decrease in monthly HA-BSI rate from baseline
to post-intervention (RR 0.52; 95% CI 0.32-0.84), whereas site

3 had an increased monthly HA-BSI rate post-intervention (RR
1.72; 95% CI 1.08-2.74).

All-Cause Mortality

Monthly all-cause mortality was unchanged from baseline to the
post-intervention period across the four sites (RR 1.00, 95% CI
0.69-1.46) (Figure 3). Sites 1, 2, and 4 had no change in monthly
all-cause mortality, whereas site 3 had an increase from baseline
to post-intervention (RR 2.00; 95% CI 1.29-3.10) (Table 3).

Patient Safety Culture

Respondent Characteristics

The baseline HSOPS was completed by 182 respondents
(response rate 85.8%). The follow-up HSOPS was completed by
212 respondents (response rate 99.1%) (Table 4). The majority
of respondents were nurses, 163 (89.6%) at baseline and 182
(85.0%) at follow-up. All respondents identified as having direct
patient contact.

Survey Results

High-scoring dimensions at baseline included teamwork within
units (mean PPS 81.7% across all sites), supervisor/manager
expectations and actions promoting patient safety (78.0%),
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TABLE 4 | Hospital Survey on Patient Safety Culture respondents by healthcare
worker role at baseline and follow-up, by site.

Nurse Physician Other Unknown Total
n =345 n =47 n=1 n=3 n = 396

Site 1
Baseline 64 0 0 0 64
Follow-up 72 1 0 1 74
Site 2
Baseline 53 1 0 54
Follow-up 58 6 1 67
Site 3
Baseline 19 6 25
Follow-up 15 12 27
Site 4
Baseline 27 12 0 0 39
Follow-up 37 0 46
Total
Baseline 163 19 0 182
Follow-up 182 28 1 3 214

The HSOPS was completed anonymously by HCWs at baseline and follow-up.
Respondents could select from multiple choice options of staff positions or provide a
free text response. Categories of physicians (attending physician, resident physician, etc.)
and nurses (charge/head nurse, nurse, nursing student, etc.) were collapsed. Only one
respondent identified as an HCW other than physician or nurse. Three respondents did not
provide their staff position. All respondents described themselves as having direct patient
contact. No administrators completed the survey. HCW, healthcare worker; HSOPS,
Hospital Survey on Patient Safety Culture.

organizational learning—continuous improvement (85.9%), and
patient safety grade (81.8%). Improvements in mean PPS were
seen in key dimensions of patient safety culture, with the
largest increases in management support for patient safety
(4+7.6%), teamwork within units (45.3%), management support
for patient safety (+4.7%), and supervisor/manager expectations
and actions promoting patient safety (+3.4%). Notably, there was
a decrease in communication openness (—10.8%) and patient
safety grade (—5.2%).

Survey responses varied by site (Table 5;
Supplementary Figures 1a-m). For site 1, the largest gains
were in frequency of event reporting (430.3%), teamwork
within units (+15.7%), teamwork across units (4+11.9%), and
management support for patient safety (+11.1%). For site 2, the
composite domains with the greatest increases were non-punitive
response to errors (4+8.8%), organizational learning—continuous
improvement (+8.4%), management support for patient safety
(4+6.6%), and staffing (+4.2%). For site 3, the largest gains
were in supervisor/manager expectations & actions promoting
patient safety (+11.7%), teamwork within units (410.8%),
non-punitive response to errors (4+8.1%), and handoffs and
transitions (46.2%). For site 4, the greatest improvement was
seen in management support for patient safety (4+9.9%), patient
safety grade (44.9%), staffing (4-3.8%), and organizational
learning—continuous improvement (42.8%).

In exploring overall trends, all four sites demonstrated
improvements the following composite domains:
organizational learning—continuous improvement,

in

management support for patient safety, and staffing.
Communication openness was the only composite domain
that had decreased follow-up scores at all sites.

Workload

Workload increased across all six domains from baseline to post-
intervention periods (Table 6). Mental demand increased from
a mean of 7.44 & 4.35 to 11.16 & 5.20 (p < 0.0001), physical
demand from 7.57 & 4.41 to 11.95 4 4.85 (p < 0.0001), temporal
demand from 7.55 & 4.47 to 10.60 &+ 4.25 (p < 0.0001), effort
from 8.15 £ 4.06 to 11.10 &= 4.37 (p < 0.0001), performance from
10.07 £ 12.15 (p < 0.0001), and frustration from 5.50 £ 2.94 to
8.11 + 4.45 (p < 0.0001). Overall workload increased from 46.28
=+ 16.97 to 65.07 &£ 19.05 (p < 0.0001).

DISCUSSION

Our study fostered the creation of multidisciplinary CUSP teams
that collaboratively selected and implemented interventions to
improve IPC practices in three focus areas, hand hygiene,
aseptic technique for invasive procedures, and medication and
IV fluid preparation and administration. CUSP enabled sites to
pursue multimodal IPC improvement strategies that included
a focus on patient safety culture, as championed by the WHO
(29). This intervention led to an increase in hand hygiene
but did not reduce HA-BSI or all-cause mortality during the
study period. While one site did have a reduction in HA-
BSI rate, another site experienced an increase in both HA-
BSI and mortality, which was largely driven by an outbreak
that occurred during the post-intervention period. The CUSP
team was instrumental in developing an outbreak response
and focusing on appropriate IPC interventions, including a
heightened focus on the importance of hand hygiene.

CUSP did lead to process improvements known to reduce
infection risk, including a marked improvement in hand hygiene
and successful implementation of a central line insertion
checklist. The success of CUSP implementation can also be
measured by the observed culture change and practice changes.
Over the course of the study period, it was evident that nurses
became empowered to speak up in front of leadership and
advocate for patient safety and nurses attending CUSP meetings
increasingly felt ownership and pride in the interventions they
were leading. Furthermore, monthly coaching calls facilitated
sharing of strategies and dissemination of interventions among
sites, serving as a new forum for collaboration among NICUs
facing similar challenges.

All sites demonstrated improved hand hygiene over the
course of the study period. Implementing a program of
hand hygiene compliance monitoring along with feedback of
data to CUSP teams and unit staff, constituted a powerful
intervention. While all sites previously employed some form
of hand hygiene compliance monitoring by infection control,
there was no consistent feedback or sharing of data with unit-
level staff prior to CUSP implementation. Monthly hand hygiene
data provided direct feedback to CUSP teams regarding the
impact of their interventions and provided an opportunity
to tailor interventions to specific HCW roles and moments
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TABLE 5 | Mean percent positive scores by composite dimension, baseline and follow-up Hospital Survey on Patient Safety Culture by site.

Baseline (%) Follow-up (%) Difference (%) 95% CI (%)
Site 1 58.6 74.3 +15.7 (5.9, 25.7)
Teamwork within units
Supervisor/manager expectations and actions promoting patient safety 77.6 82.1 +4.5 (—4.2,13.6)
Organizational learning—continuous improvement 91.1 92.2 +1.1 (—4.7,6.8)
Management support for patient safety 55.6 66.7 +11.1 (9.4, 21.2)
Perceptions of patient safety 58.6 56.1 -2.5 (—10.7, 4.9
Feedback and communication about error 57.3 64.0 +6.7 (—2.8,17.2)
Communication openness 74.7 62.2 —-12.5 (=21.9, -2.9)
Frequency of event reporting 32.3 62.6 +30.3 (16.9, 43.3)
Teamwork across units 53.0 64.9 +11.9 (1.8, 22.2)
Staffing 23.8 27.7 +3.9 (—1.5,9.0)
Handoffs and transitions 53.4 54.8 +1.4 (—8.8,11.9)
Non-punitive response to errors 28.1 28.4 +0.3 (—9.4,10.8)
Patient safety grade 70.3 67.6 —2.7 (—17.7,13.4)
Site 2 95.4 92.2 -3.2 (=7.5,1.4)
Teamwork within units
Supervisor/manager expectations and actions promoting patient safety 85.6 86.6 +1.0 (—6.5, 8.1)
Organizational learning—continuous improvement 81.5 89.9 +8.4 (0.1, 16.2)
Management support for patient safety 75.3 81.9 +6.6 (—2.7,16.4)
Perceptions of patient safety 60.7 57.5 -3.2 (—10.7, 4.5)
Feedback and communication about error 73.8 731 -0.7 (—11.3,9.5)
Communication openness 79.0 73.9 —-5.1 (-13.9,4.1)
Frequency of event reporting 66.7 64.2 —-2.5 (—15.2,10.1)
Teamwork across units 78.1 81.7 +3.6 (-4.2,11.7)
Staffing 38.4 42.6 +4.2 (—2.1,10.6)
Handoffs and transitions 68.1 62.1 —-6.0 (—17.4,5.6)
Non-punitive response to errors 39.5 48.3 +8.8 (—0.9, 17.8)
Patient safety grade 92.6 94.0 +1.4 (=7.1,10.3)
Site 3 80.0 90.8 +10.8 (—2.8,25.2)
Teamwork within units
Supervisor/manager expectations and actions promoting patient safety 67.0 78.7 +11.7 (—3.0, 26.6)
Organizational learning—continuous improvement 81.3 87.7 +6.4 (—5.5, 18.6)
Management support for patient safety 61.3 64.2 +1.9 (—12.8, 18.1)
Perceptions of patient safety 49.0 54.7 +5.7 (=7.2,17.0)
Feedback and communication about error 56.0 42.5 —-13.5 (—-32.6, 6.3)
Communication openness 58.7 45.7 —13.0 (—=32.9, 8.0)
Frequency of event reporting 52.0 34.6 —17.4 (—36.6, 2.5)
Teamwork across units 67.0 53.7 —13.3 (—26.0,7.4)
Staffing 29.0 32.0 +3.0 (—5.5,10.7)
Handoffs and transitions 52.8 59.0 +6.2 (=10.6, 24.0)
Non-punitive response to errors 40.0 48.1 +8.1 (—9.5,27.1)
Patient safety grade 80.0 55.6 —24.4 (—47.9,1.8)
Site 4 92.9 90.8 -2.1 (—8.7,5.2)
Teamwork within units
Supervisor/manager expectations and actions promoting patient safety 81.9 78.2 -3.7 (=14.2,7.0)
Organizational learning—continuous improvement 89.8 92.6 +2.8 (—4.3,10.9)
Management support for patient safety 71.2 81.1 +9.9 (—1.6, 19.7)
Perceptions of patient safety 66.1 67.2 +1.1 (—8.0,9.8)
Feedback and communication about error 67.2 60.3 —6.9 (—20.2, 6.3)
Communication openness 66.6 54.3 —-12.3 (—26.0, 2.6)
Frequency of event reporting 57.8 55.8 -2.0 (—19.6, 14.3)
Teamwork across units 775 7.7 +0.2 (—=9.4,9.5)
(Continued)
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TABLE 5 | Continued

Baseline (%) Follow-up (%) Difference (%) 95% CI (%)

Staffing
Handoffs and transitions
Non-punitive response to errors

Patient safety grade

28.8 326 +3.8 (-5.7,12.7)
68.9 64.7 4.2 (-19.1,9.9)
46.1 38.0 —8.1 (-23.1,7.3)
84.2 89.1 +4.9 (-9.0,19.8)

The HSOPS consists of 42 items into 12 composite domains that assess elements of patient safety culture using a Likert response scale. PPS by item were calculated by dichotomizing
responses and reverse coding for negative items. Mean PPS for composite domains were calculated by averaging PPS across items included in each domain. Patient safety grade was
determined by calculating mean response to a single item. HSOPS, Hospital Survey on Patient Safety Culture; PPS, percent positive score. Bolded values reach statistical significance.

of hand hygiene as needed. At the end of the study, sites
committed to continue hand hygiene compliance monitoring and
feedback of data.

Implementation of a central line insertion checklist are
evidence-based practices that represented a paradigm shift in
patient safety for these NICUs (30, 31). Prior to CUSP, none
of the participant NICUs used pre-operative or pre-procedural
checklists. Sites readily adapted its use into daily medical practice,
with gradual increases in appropriate completion of checklists
used. With checklist implementation, the importance of having
an observer or assistant present for central line insertion was
highlighted, which can be challenging in a resource-limited
setting. The checklist also empowered nurses or other HCWs
serving in the observer/assistant role to intervene if steps of
appropriate aseptic technique were not followed. By site request,
a central line maintenance audit tool was created by the study
team, though its completion was not audited by study staff. Both
the insertion checklist and the maintenance audit tool fit well into
the existing healthcare system at our four sites, with checklists
used for a variety of other indications.

During our baseline IPC assessments, we noted opportunities
for improvement at all sites for practices related to medication
and IV fluid preparation and administration. In a resource-
limited setting, challenges to injection safety include reliance on
multi-dose vials, reuse of single-dose vials, and large stock bottles
of IV fluid solutions and topical antiseptics including alcohol
and betadine, as well as preparation of medications and IV fluids
within the immediate patient care area (32, 33). While it was not
possible to transition to exclusive use of single-dose vials and
eliminate use of large stock bottles, CUSP teams focused on how
to improve injection safety by including IPC considerations in
adapting existing workflow.

Multiple studies have demonstrated that improving patient
safety culture across HSOPS domains is associated with lower
HAI rates (34, 35). Sites demonstrated gains in key HSOPS
domains of patient safety, including teamwork within units,
supervisor/manager expectations and actions promoting patient
safety, organizational learning—continuous improvement, and
management support for patient safety. In considering the
elements of the CUSP intervention, these are the domains in
which one would expect improvement. Most gains did not
reach statistical significance which likely reflects a relatively
fixed sample size of HCWs employed within each unit.
Our response rates for both baseline and follow-up surveys

were excellent and we hope to explore whether these trends
continue and assess generalizability of our findings by recruiting
more sites.

We did not expect to improve other domains, such as staffing
and teamwork across units, which were outside of the scope
of our intervention. The notable decrease in communication
openness across all sites should be explored further and
addressed in moving CUSP forward. We did not see a significant
improvement in patient safety grade, which consists of a single
item asking respondents to assign a letter grade to their
unit’s patient safety. It is not surprising that respondents are
more critical of patient safety after an intervention that raises
knowledge and awareness of IPC practices and their impact on
patient safety.

As measured by NASA-TLX across six domains, workload
increased from baseline to the post-intervention period. To
our knowledge, NASA-TLX assessment of workload has not
previously been used in the context of CUSP implementation.
Tubbs-Cooley et al. previously measured overall workload
among neonatal, pediatric, and adult intensive care nurses
using NASA-TLX; among NICU nurses who participated in this
multi-center cross-sectional study, the mean overall workload
was similar to that reported on our study, roughly midway
between our baseline and post-intervention scores (36). CUSP
implementation required a comprehensive unit-level shift in
the approach to IPC and patient safety. While CUSP activities
were led by the physician and nurse champions in conjunction
with the CUSP team, selected interventions within the three
focus areas required participation and commitment by all unit
staff, especially those providing direct patient care. CUSP may
have contributed to the increase in workload seen over the
course of this study, though other unmeasured factors such as
staffing changes or more complex patient load could have also
contributed. Effect of CUSP activities on perceived workload
should be monitored closely, given the association of increased
NASA-TLX scores with HCW burnout (37). Furthermore, a
single-center study in a United States NICU described an
association between increased nursing workload with missed
nursing care (38). CUSP should prioritize interventions that
lighten workload by making work more efficient and less
burdensome, though advocating for improved staffing may also
be a critical CUSP activity.

Our intervention coincided with an increased focus on
patient safety by the Indian Ministry of Health. Multiple sites
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TABLE 6 | Workload among neonatal intensive care unit staff at baseline and
post-intervention, as measured by NASA-TLX.

Item Baseline, mean Post-intervention, P-value
+ SD (range) mean = SD (range)
Site 1
Mental 8.78 + 4.89 122+ 4.73 0.0001
Physical 9.54 + 4.87 13.06 + 4.97 <0.0001
Temporal 8.89 + 4.42 11.23 + 4.09 0.0016
Effort 9.75 + 4.66 11.81 £3.97 0.0059
Performance 10.60 + 4.17 11.00 + 4.60 0.569562
Frustration 6.27 £ 3.28 8.91 +£4.32 0.0001
Overall 53.82 + 16.67 68.21 + 18.89 <0.0001
Site 2
Mental 6.60 + 4.18 9.65 + 5.14 0.0006
Physical 6.41 + 3.90 9.91 +4.62 <0.0001
Temporal 8.61 + 4.54 8.69 + 3.59 0.9189
Effort 7.00 £+ 3.45 8.97 + 3.64 0.0030
Performance 8.97 +4.95 12.73 £ 4.36 <0.0001
Frustration 535+ 274 6.79 + 3.69 0.0186
Overall 42.95 £16.79 56.74 £ 16.21 <0.0001
Site 3
Mental 7.19+4.10 14.61 £ 4.57 <0.0001
Physical 6.48 + 3.54 15.30 + 3.66 <0.0001
Temporal 5.93 + 3.01 14.11 £ 4.07 <0.0001
Effort 7.92 +3.15 15.51 £4.35 <0.0001
Performance 10.72 £ 4.28 9.44 £6.27 0.3991
Frustration 5.48 + 2.45 12.37 £5.35 <0.0001
Overall 43.72 £156.22 81.34 £ 15.66 <0.0001
Site 4
Mental 6.57 £ 3.30 9.66 + 5.12 0.0018
Physical 6.67 £ 3.74 11.17 £ 4.09 <0.0001
Temporal 4.91 +£3.85 10.32 £ 4.03 <0.0001
Effort 7.26 £ 3.57 10.47 £ 3.83 0.0002
Performance 10.31 + 4.06 14.76 £ 3.93 <0.0001
Frustration 4.46 +2.62 6.24 +2.97 0.0048
Overall 40.18 + 14.74 62.61 + 18.11 <0.0001
All sites
Mental 7.44 + 4.35 11.16 £ 5.20 <0.0001
Physical 7.57 £ 4.41 11.95 + 4.85 <0.0001
Temporal 7.55 + 4.47 10.60 + 4.25 <0.0001
Effort 8.156 + 4.06 11.10 £ 4.37 <0.0001
Performance 10.07 £ 4.43 1215+ 4.91 <0.0001
Frustration 5.50 £+ 2.94 8.11+4.45 <0.0001
Overall 46.28 + 16.97 65.07 + 19.05 <0.0001

The NASA-TLX was completed at baseline and post-intervention to assess workload
across six domains on a 20-point continuous scale. Overall workload was calculated
by summing scores for the six domains at baseline and post-intervention. NASA-TLX,
National Aeronautics and Space Administration Task Load Index. Bolded values reach
statistical significance.

underwent accreditation or government official visits during the
study period. Our intervention aligned well with this mission,
especially with regard to monitoring of hand hygiene compliance
and use of a central line insertion checklist. Senior executive
support of CUSP-driven interventions led to spread beyond

the NICU, with adaptation of some interventions throughout
the hospital.

Strengths of this study include use of a multidisciplinary
team that worked together in an iterative process that
allows for learning and is firmly grounded in creation of
local patient safety culture to reduce HAI risk. This study
demonstrated the ready adaptation of an existing toolkit
that has proven success to a resource-limited setting. The
selected focus areas included high-yield IPC practices,
optimization of which has been linked to reduction of
HA-BSI in a variety of healthcare settings. Site-driven
selection of interventions, rather than a prepackaged IPC
bundle, yielded locally appropriate solutions to IPC gaps
that are more likely to be sustainable than financially
burdensome interventions.

Limitations of this study include its duration and small
sample size. A 16-month study period limited our capacity
to assess the impact of the intervention on HA-BSI rates
and mortality, especially given seasonality of infections in
this setting, with higher rates seen during monsoon season.
Additionally, the final focus area, medication and IV fluid
preparation and administration, was introduced only 3 months
prior to study end, limiting our capacity to assess the
impact of selected interventions on outcomes of interest.
However, improved hand hygiene and gains seen in patient
safety culture are promising measures of success of this
intervention. Though the advent of the coronavirus disease
2019 pandemic disrupted CUSP activities, sites have committed
to sustaining the CUSP intervention. We intend to complete
a follow-up assessment of the impact of CUSP, which will
provide important information about CUSP sustainability in
this setting.

CUSP is a promising multimodal strategy for healthcare
facilities in resource-limited settings that encompasses key
aspects of the WHO’s IPC improvement strategy, including
culture of safety. Our study outlines an approach to CUSP
that can be readily adapted to NICUs in an LMIC setting and
is feasible. Next steps include assessment of sustainability and
generalizability of our findings.
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Background: Over half a million newborn deaths are attributed to intrapartum related
events annually, the majority of which occur in low resource settings. While progress
has been made in reducing the burden of asphyxia, novel approaches may need
to be considered to further decrease rates of newborn mortality. Administration of
intravenous, intraosseous or endotracheal epinephrine is recommended by the Newborn
Resuscitation Program (NRP) with sustained bradycardia at birth. However, delivery by
these routes requires both advanced skills and specialized equipment. Intramuscular
(IM) epinephrine may represent a simple, low cost and highly accessible alternative for
consideration in the care of infants compromised at birth. At present, the bioavailability
of IM epinephrine in asphyxia remains unclear.

Methods: Four term fetal lambs were delivered by cesarean section and asphyxiated
by umbilical cord occlusion with resuscitation after 5 min of asystole. IM epinephrine (0.1
mg/kg) was administered intradeltoid after 1 min of positive pressure ventilation with 30 s
of chest compressions. Serial blood samples were obtained for determination of plasma
epinephrine concentrations by ELISA.

Results: Epinephrine concentrations failed to increase following administration via
IM injection. Delayed absorption was observed after return of spontaneous circulation
(ROSQC) in half of the studies.

Conclusions: |nadequate absorption of epinephrine occurs with IM administration
during asphyxial cardiac arrest, implying this route would be ineffective in infants who
are severely compromised at birth. Late absorption following ROSC raises concerns for
risks of side effects. However, the bioavailability and efficacy of intramuscular epinephrine
in less profound asphyxia may warrant further evaluation.

Keywords: resuscitation, epinephrine, intramuscular, asphyxia, neonatal, low-resource
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INTRODUCTION

Despite advances in the delivery of both maternal and newborn
care, an estimated 2.4 million infants do not survive their first
month of life (1). Nearly % of neonatal deaths can be attributed
to intrapartum events or asphyxia, resulting in an estimated
0.58 million deaths annually (2). Beyond mortality are concerns
for long term morbidity associated with intrapartum events.
The World Health Organization estimates that between 4 and 9
million newborns are impacted by asphyxia annually with risks
of long term developmental delays associated with physiologic
compromise at birth (3, 4). These data may even underestimate
the incidence with the challenges of identifying cases in under
resourced areas (5, 6). The burden of disease falls greatest on
low and middle income countries where the majority of early
newborn deaths occur (5).

While reduction in morbidity and mortality associated
with birth asphyxia requires improvement in all levels of
perinatal care, improved resuscitation and stabilization of
asphyxiated infants could impact millions of infants worldwide.
Resuscitation efforts at birth play a critical role in determining
outcomes, influencing both risk of mortality and incidence
of neurodevelopmental disability (4, 7, 8). Access to training
and materials to provide simple resuscitative care (through
programs including Helping Babies Breathe) has been shown to
improve outcomes in low resource settings with reduction of
early mortality and stillbirth rates (9). Despite these advances,
outcomes following intrapartum related events remain a concern.
Notably, the annual rate of reduction for neonatal mortality lags
significantly behind rates of reduction for maternal and under 5
child mortality (10, 11). Additional simple measures to improve
the care of infants compromised at birth may be needed to further
reduce the burden.

The Newborn Resuscitation Program (NRP) utilizes
recommendations provided by the International Liaison
Committee on Resuscitation (ILCOR) to define an algorithm
for care of compromised newborns. This program is currently
used in over 130 countries worldwide and influences the care
of millions of infants at delivery. These guidelines recommend
administration of epinephrine by umbilical venous catheter
(UVCQ), intraosseous (IO) needle, or endotracheal tube (ETT)
with sustained bradycardia despite effective ventilation and chest
compressions (12). However, these routes of administration
require advanced skills, specialized equipment and take several
minutes to secure even in well-resourced settings where
training and equipment are readily available (13, 14). Simplified
algorithms, including Helping Babies Breathe, provide guidance
for basic resuscitative care. However, intramuscular (IM)
epinephrine could be administered with limited training, use of
commonly accessible resources and with limited interruption
of resuscitative efforts. As every minute delay potentially
impacts outcomes with asphyxia (15), a simple, efficient mode of
epinephrine delivery has potential application in the context of
both HBB or NRP when access cannot be obtained.

While epinephrine has inotropic, lusitropic, and chronotropic
actions, its vasoconstrictor properties mediated by a-adrenergic
receptors are primarily responsible for its effectiveness in CPR

(16). Administration of epinephrine is believed to induce
intense peripheral vasoconstriction resulting in elevated systemic
vascular resistance and an increase in coronary perfusion
pressure to improve coronary flow (17). IM epinephrine has
known clinical efficacy and is widely used in the treatment
of anaphylaxis, suggesting this route of delivery might also be
considered with resuscitation. The ease of administration makes
this approach a practical and efficient option for providers
at all levels, an important consideration in less resourced
environments where attendants skilled in intubation or line
placement may not be available. While studies in a pediatric
swine model suggest IM epinephrine may promote return of
spontaneous circulation (ROSC) after cardiac arrest (18), the
absorption and pharmacokinetics associated with this route of
administration in the context of asphyxia remain unknown.
Using a well-established ovine model of neonatal asphyxial arrest,
we sought to determine bioavailability and pharmacokinetics
associated with administration of IM epinephrine.

MATERIALS AND METHODS

Animal Studies

Four term gestation lambs (141-142 days) were used for this
case series. Our protocol was performed on extra, unassigned
lambs with a specific interest in comparing an alternative route
of epinephrine administration to our prior studies evaluating
bioavailability and pharmacokinetics with delivery via IO needle,
UVC, or ETT (19, 20). ARRIVE guidelines were followed as
possible, however our cohort was limited to 4 lambs and was not
randomized or registered as a preclinical trial.

All animal work was approved by the Institutional Animal
Care and Use Committee at the State University of New York
at Buffalo (Protocol #PED10085N, approved 5.10.2018). Time
dated term (140-141 day gestation) pregnant ewes were obtained
from Newlife Pastures (Varysburg, New York, USA). Following
an overnight fast, the ewes were anesthetized with intravenous
diazepam and ketamine, intubated with a 10.0-mm cuffed ETT
and ventilated with 21% oxygen and 2-3% isoflurane at 16
breaths/min. Ewes were continuously monitored with pulse
oximetry and an end tidal CO; monitor. Cesarean section was
performed on the anesthetized ewe with partial exteriorization of
fetal lambs. Lambs were intubated and excess fetal lung fluid in
the ETT was drained by gravity to simulate loss of lung liquid
with labor. Thereafter, the ETT was occluded to prevent gas
exchange during gasping in the asphyxia period. Fetal lambs were
instrumented as described previously (21-23), with heparinized
catheters placed into the right carotid artery and jugular vein for
blood pressure measurements, blood draws to measure plasma
epinephrine concentrations and preductal arterial blood gases.
A 2-mm flow probe (Transonic Systems Inc., Ithaca, NY) was
placed around the left carotid artery. A left thoracotomy was
performed and a 4-mm flow probe was placed around the left
pulmonary artery. The thoracotomy was closed in layers. ECG
leads were attached at the right axilla, left axilla, and right
inguinal area (3-lead EKG). The ECG100C (Biopac Systems, Inc.)
was used with Acknowledge Software to record tracings of leads
I, 11, and IIL. Preductal arterial oxyhemoglobin saturation was
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monitored with a pulse oximeter placed on the right forelimb
of the lamb (Masimo, Irvine, CA). Following instrumentation, a
“baseline” blood gas and sample for epinephrine concentration
was obtained. The umbilical cord was subsequently occluded and
cut, and the lambs were moved from the maternal abdomen to
the radiant warmer. During the asphyxia period, an umbilical
arterial catheter was inserted to measure continuous invasive
blood pressures. A low umbilical venous catheter was inserted
2 cm below the skin (and secured after confirming blood drawing
back into the catheter).

Experimental Protocol

A 5-min period of asystole was observed prior to initiating
resuscitation. Asystole was defined by the absence of carotid
blood flow, arterial blood pressure, and heart rate (by
auscultation). Resuscitation began by removing the ETT occluder
and providing positive pressure ventilation (PPV) with 21%
oxygen by means of a T-piece resuscitator at pressures of 35/5 cm
H,O (to delivery standard volumes and ventilation) at a rate
of 40 breaths/min (24). Following 30s of ventilation, chest
compressions at a compression-to-ventilation ratio of 3:1 were
commenced with a simultaneous increase in inspired oxygen
to 100%. Intramuscular epinephrine was administered into the
deltoid muscle at 1 min from onset of resuscitation. A high
dose of 0.1 mg/kg (1:1,000 concentration, 1 mg/mL) was utilized
as we assumed there would be challenges with absorption and
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FIGURE 1 | Experimental design. Schematic identifying resuscitation protocol
and blood sampling (blue arrows). CC, to chest compression; FiO», fraction of
inspired oxygen; PPV, positive pressure ventilation; s, second.

wanted to parallel prior published studies evaluating this route
in an arrest model (18). Only a single dose was administered
to simplify evaluation of pharmacokinetics. Synchronized chest
compressions and PPV were continued until ROSC was achieved,
defined as a sustained, perfusing rhythm with heart rate above
100 beats per minute.

An “arrest” arterial blood sample was obtained following
5 min of asystole but prior to initiation of resuscitation (time 0 of
resuscitation). Thereafter, serial blood sampling was performed
at minute 1-5, 7, 9, and 15 for blood gas analysis and epinephrine
levels. The 1-min sample was drawn immediately prior to
injection of epinephrine (Figure 1). Arterial blood samples were
analyzed using a radiometer blood gas analyzer (ABL 800 FLEX,
Denmark). Plasma epinephrine concentrations were analyzed by
ELISA (Eagle Biosciences, Nashua, NY) with a limit of detection
as defined by the assay of <0.005 ng/mL.

Statistical Analysis

Continuous variables were analyzed by ANOVA with Tukey’s
post-hoc analysis. GraphPad Prism (San Diego, CA) was used for
statistical analysis with significance defined as p < 0.05.

RESULTS

Demographics and Asphyxia

Four lambs were studied, including one singleton female, one
singleton male, one twin female and one twin male with an
average weight of 3.6 & 0.9kg. Baseline blood gases were
comparable to those of prior experimental lambs with the
blood gas at arrest demonstrating severe metabolic acidosis,
hypercapnea, and elevated lactate levels (Table 1) (22). Time
to asystole was a median (range) of 12.6 (8-15.5) min, also
consistent with prior publications in the model (22).

Plasma Epinephrine Concentrations

Plasma epinephrine concentrations were evaluated at
baseline (prior to asphyxia), arrest (0Omin) and serially
during resuscitation. There was no significant increase in
plasma concentrations prior to ROSC with IM epinephrine
administration (Figure 2). Increased concentrations
were observed in 2 animals several minutes after ROSC
(Supplementary Table 1). While epinephrine concentrations
did not increase significantly following IM administration
(Figure 3), delayed absorption occurred.

TABLE 1 | Blood gases at baseline and arrest.

Blood gas at baseline

Blood gas at arrest

Route N pH co2 Lactate pH co2 Lactate

M 4 7.19 4+ 0.08 66 + 12 33+06 6.81 4 0.08 126 + 30 125+ 4.4
uver 11 7.10 & 0.09 67 +7 4.9+ 3.6 6.80 + 0.09 146 + 25 146 +6.7
ETT* 11 7.16 +£0.14 68 + 7 4.8+ 35 6.85 + 0.04 132 £ 17 14.8 + 5.1

Baseline samples were obtained following instrumentation but prior to asphyxia. Arrest samples were obtained after 5 min of asphyxia. " Experimental data from Vali et al. (22). N represents
the number of lambs, Data are mean + SD. IM, intramuscular; UVC, umbilical venous catheter; ETT, endotracheal tube.
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FIGURE 2 | Plasma epinephrine concentrations following IM epinephrine in
relation ROSC. Arrows indicate time of epinephrine administration. Data are
mean + SEM. ROSC, return of spontaneous circulation.
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FIGURE 3 | Plasma concentrations following a single dose of IM epinephrine.
Arrow indicates time of epinephrine administration. Data are mean 4 SEM.
Mean concentration for IM at 15 min was 216.2 + 91.1 ng/mL. UVC and ETT
concentration as previously published by Vali et al. (19) are included for
comparison.

Return of Spontaneous Circulation (ROSC)
All 4 animals achieved ROSC with IM administration with time
to ROSC at a median (range) of 3.95 (1.7-4.7) min. Mean carotid
and pulmonary artery flows, systolic and diastolic blood pressures
at and 2 min following ROSC are presented in Table 2.

DISCUSSION

Epinephrine is recommended in resuscitation algorithms utilized
in well-resourced settings, with options for delivery via
intravascular, intraosseous, and endotracheal routes. At present,
the potential application of epinephrine in algorithms of care
in less resourced environments, where the burden of asphyxia
occurs, remains poorly defined. Complex routes of delivery
limit broad use of this potentially life-saving medication as
resuscitation in low resource settings (as taught in Helping Babies

TABLE 2 | Hemodynamics at and following ROSC.

ROSC ROSC + 2 min
CA flow (ml/min) 11+6 27 £13
PA flow (ml/min) 6+3 37 +£18
SBP (mm Hg) 56 + 38 77T +£25
DBP (mm Hg) 31+22 55+ 18

Mean + SD of carotid (CA) and pulmonary (PA) artery blood flows, and systolic (SBP) and
diastolic (DBP) blood pressures at and 2 min following ROSC.

Breathe or the World Health Organization’s Essential Newborn
Care) would not include intubation or placement of umbilical
or intraosseous access. In light of publications suggesting efficacy
(18), we sought to investigate the concept of low cost, simplified
delivery of epinephrine via intramuscular injection. However,
our exploratory studies in a bovine asphyxia model evaluating
pharmacokinetics with IM administration identified inadequate
absorption of epinephrine until after ROSC. This result is
consistent with hemodynamic redistribution that occurs with
cardiac arrest and prioritization of perfusion to critical organs
over peripheral tissues.

Despite epinephrine’s controversial impact on long term
outcomes (25, 26), early administration has been shown to
influence timing of ROSC in both animals and clinical models
supporting our interest in simplified and efficient delivery (22,
27, 28). Animal studies further identify that chest compressions
alone are inadequate in improving cerebral blood flow and
that administration of epinephrine improves both coronary
and cerebral perfusion with higher probability of ROSC (29—
31). However, compromised infants can only benefit from
administration of epinephrine if IV, IO or ET access can
be obtained.

This scenario can occur in both resourced and low resourced
settings. As example, a letter to the editor of Resuscitation
described the use of IM epinephrine in an infant with perinatal
asphyxia in Italy as access was not able to be obtained
at the referral hospital (32). The infant received only IM
epinephrine during resuscitation and survived without morbidity
after severe perinatal acidosis. While it is unclear whether this
dose of epinephrine influenced outcomes for this patient, this
publication highlights the possibility and confirms that use of
IM epinephrine has been considered in the stabilization of
compromised newborns. We are unaware, however, of clinical
settings where this is a common practice.

Additional data on the role of IM epinephrine in
cardiopulmonary resuscitation exists from studies performed
by Mauch et al. in a pediatric swine model of ropivacain-
induced cardiac arrest (18). The authors report comparable
rates of survival in pigs administered epinephrine by an IM
route (0.1 mg/kg) as compared to IV dosing (0.01 mg/kg). In
addition, they observed higher rates of survival and earlier
return of spontaneous circulation (ROSC) with IM epinephrine
as compared to normal saline controls. However, epinephrine
concentrations were not evaluated in these studies. As our study
failed to demonstrate absorption of epinephrine prior to ROSC
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with IM administration in asphyxia, the reported efficacy of this
route in the piglet studies may be due to differences in the two
models. Cardiopulmonary resuscitation (CPR) was initiated with
the onset of circulatory arrest in the piglet model, with arrest
defined as mean arterial pressures (MAP) of <25% of initial
value, representing a clinically pulseless state. The piglets were
unlikely to be as profoundly compromised, as our model utilizes
a 5-min period of asystole. However, blood gases were not
provided limiting our ability to compare the degree of asphyxia.

We speculate that the peripheral vasoconstriction associated
with our model was less pronounced in the piglet study,
facilitating perfusion and absorption of IM epinephrine during
resuscitation. While our results imply IM epinephrine would be
ineffective and risk delayed absorption and side effects, its role
in the context of less profound asphyxia (including bradycardia
without arrest) may still be worthy of evaluation.

Limitations of our model include the translation of findings in
a lamb to human, with recognition of the potential contributions
of hypovolemia and compromised cardiac glycogen stores in
clinical settings (33, 34). This brief research study was also
limited in it non-randomized design as studies were performed
on extra, unassigned lambs as available. This approach has
potential for selection bias as the experimental treatment was
predetermined. In addition, only 4 studies were performed in
this small, exploratory series. However, the results of our studies
prior to ROSC were highly consistent, making it difficult to
rationalize use of additional animals as added studies were not
expected to influence our assessment of bioavailability. Similarly,
this small exploratory study did not evaluate efficacy, impact
on hemodynamics or ROSC, as these were all outcomes that
did not seem appropriate to assess in absence of documented
absorption. Finally, beyond concerns for late absorption, the
safety of IM administration was not evaluated in our model. IM
administration in the context of inadequate muscle perfusion
risks local tissue injury and necrosis.

We would have anticipated delayed circulatory recovery,
however the four animals achieved ROSC at a time comparable
to that observed with ETT dosing, implying that effective
CPR, rather than increased concentration of epinephrine, may
have played a greater role in determining outcomes. Indeed,
published studies in the ovine asphyxia model found that 6/13
animals achieved ROSC prior to administration of epinephrine
when it was delayed to 6min (35) and that epinephrine
concentrations in absence of exogenous delivery was comparable
to that observed with IM dosing (5-20 ng/mL) (22). It remains
plausible that historical studies in UVC and ETT may have
achieved ROSC in absence of epinephrine had it not been
administered early (22). Indeed, hemodynamic data during
chest compressions in the asphyxia model failed to demonstrate
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Background: Antimicrobial prescription and administration-related errors occur
frequently in very low birth weight (VLBW; <1,500 g) neonates treated for bloodstream
infections (BSI).

Methods: Antimicrobial prescriptions for the treatment of laboratory-confirmed BSI
were retrospectively analyzed for VLBW neonates at Tygerberg Hospital, Cape Town,
South Africa (1 July 2018 - 31 December 2019), describing antimicrobial type, indication,
duration of therapy and BSI outcomes. The prevalence of, and risk factors for
prescription (dose, interval) and administration errors (hang-time, delayed/missed doses)
were determined.

Results: One hundred and sixty-one BSI episodes [16 (9.9%)] early-onset, 145 [90.1%)]
healthcare-associated) affected 141 neonates (65% male, 25% born to mothers living
with HIV, 46% <1,000g birth weight) with 525 antimicrobial prescription episodes
[median 3.0 (IQR 2-4) prescriptions/BS| episode]. The median duration of therapy
for primary BSI, BSl-associated with meningitis and BSl-associated with surgical
infections was 9, 22, and 28 days, respectively. The prevalence of dose and dosing
interval errors was 15.6% (77/495) and 16.4% (81/495), respectively with prescription
errors occurring most commonly for piperacillin-tazobactam and vancomycin given
empirically. Administration errors were less frequent [3.8% (219/5,770) doses missed;
1.4% (78/5,770) delayed], however 64% had a hang-time (time from sepsis diagnosis to
1st dose of antimicrobial) exceeding 60 min. On multivariable analysis, postnatal age >7
days was associated with prescription errors (p = 0.028). The majority of neonates with
BSI required escalation of respiratory support (52%) and 26% required intensive care
admission. Despite fair concordance between empiric antimicrobial/s prescription and
pathogen susceptibility (74.5%), BSI-attributable mortality in this cohort was 30.4%.

Conclusion: VLBW neonates with BSI’'s were critically ill and had high mortality rates.
Hang-time to first antimicrobial administration was delayed in two-thirds of BSI episodes
and prescription errors affected almost 1 in 6 prescriptions. Targets for intervention should
include reducing hang-time, use of standardized antimicrobial dosing guidelines and
implementation of antimicrobial stewardship recommendations.

Keywords: antimicrobial, prescription error, very low birth weight, neonatal sepsis, adverse event
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INTRODUCTION

In Sub-Saharan Africa (SSA), ~1 million deaths occur in the
neonatal period annually (1), with prematurity, intrapartum
related events and infection as the leading causes (2). The
case fatality rate of 14% for bloodstream infections (BSI) (3)
may be an underestimate given recent data suggesting that
many neonatal deaths currently attributed to prematurity are
actually caused by undetected infection, often with antimicrobial-
resistant bacteria (4).

In SSA, gram negative organisms, with increasing
antimicrobial resistance rates, predominate as causative
pathogens for neonatal sepsis and meningitis (5-9). Due to
limited availability of antimicrobials for resistant neonatal
infections (10), it is of utmost importance to ensure
antimicrobials are correctly used in this vulnerable population.

Evidence from sepsis trials in adult, pediatric and neonatal
populations gave rise to the concept of the “golden hour”,
recommending receipt of the first dose of empiric antibiotic/s
within 1h of presentation to improve sepsis outcomes (11, 12).

Physiology in the neonatal period is constantly changing
and developing requiring frequent dose and interval
changes to achieve adequate drug concentrations. These
physiological changes may affect the pharmacokinetics and
pharmacodynamics of drugs resulting in the need for dosing
adjustments in accordance with age, weight and/or body surface
area (13-15), increasing the potential for prescribing errors.

Neonates, particularly those in the intensive care setting, are
at high risk of medication errors (16-18), many due to poor
prescribing (19). Antimicrobials are among the most common
drug classes to be associated with medication errors (20-22),
with up to a third resulting in harm to the patient (21).
Dosing errors, inappropriate antimicrobial for the underlying
condition, premature cessation, laboratory monitoring errors
and therapeutic duplication are frequent errors, with vancomycin
and piperacillin-tazobactam being the agents most commonly
associated with prescription errors (23). Some antimicrobials
(e.g., aminoglycosides and vancomycin) have toxic side effects
and a narrow therapeutic index (24), necessitating therapeutic
drug monitoring (TDM) to protect patients from these harms,
and guide optimal and adequate antimicrobial dosing (25).

Given the limited data from SSA regarding this widespread
problem we reviewed the prevalence of, and contributors to,
antimicrobial prescription and administration errors in very
low birth weight (VLBW: <1,500 g) neonates with laboratory-
confirmed BSI episodes at a large South African neonatal unit.

METHODS
Study Design and Population

We conducted a retrospective, descriptive study of antimicrobial
prescription- and administration-related errors in VLBW
neonates with laboratory-confirmed bacterial and fungal BSI at
Tygerberg Hospital, Cape Town, South Africa between 1 July
2018 and 31 December 2019. Inborn neonates with a birthweight
of 500-1,500g who developed culture-confirmed bloodstream
infection during their hospital stay were eligible for inclusion.

This weight band was selected due to the higher number of
BSIs seen in this group (26) and complexity in prescribing
for smaller neonates. BSI was diagnosed by incubating at least
Iml of aseptically collected blood into BacT/Alert PF Plus
bottles (Biomérieux, Marcy I'Etoile, France). Study exclusion
criteria were: patients transferred in from outlying facilities
as antimicrobials may have been administered before transfer;
neonates with growth of pathogens on urine, tracheal aspirate
or wound swab cultures only; neonates with blood and
cerebrospinal fluid (CSF) cultures isolating contaminants as
defined by the United States Centre for Disease Control and
Prevention list of commensal flora (27), and neonates receiving
antiviral medications.

Study Setting

Tygerberg Hospital is the tertiary referral hospital for sick
and/or preterm neonates requiring specialist medical and/or
surgical care in Cape Town’s Metro East. The neonatal unit
comprises four 30-bed wards and a 12-bed medical and
surgical neonatal intensive care unit (NICU), with a 132-bed
total capacity and occupancy rates averaging 93%. Owing to
a shortage of NICU beds in the Western Cape Province, a
provincial periviability policy was developed to guide decisions
on eligibility for NICU admission (generally >800g and >27
weeks gestation) (28). Standard practice in this setting is for
all sick and/or preterm neonates to be admitted into a high
care ward where respiratory support such as nasal continuous
airways pressure (nCPAP) or high flow nasal cannula can be
initiated, surfactant administered, intercostal drains inserted and
central lines placed for total parenteral nutrition (TPN) if needed.
NICU is reserved for neonates requiring mechanical ventilation,
therapeutic hypothermia or inotropic support.

Empiric Antimicrobial Therapy for Neonatal

Infections

For early onset (within 72h of birth) sepsis, ampicillin and
gentamicin are the empiric antimicrobial of choice. In neonates
older than 72h of life where healthcare-associated infection
(HATI) is suspected (26), piperacillin-tazobactam plus amikacin
is recommended, unless the baby is clinically unstable or
there is a clinical suspicion of a gram negative infection
or meningitis. In these cases, meropenem is recommended
to provide cover for antimicrobial resistant pathogens and
to enhance CSF penetration. Vancomycin is added if the
neonate has or had a central venous catheter inserted or if
a skin or soft tissue infection is present, where methicillin-
resistant S. aureus is a likely pathogen. Antifungal therapy
is added where clinically indicated and colistin is used in
cases where a carbapenem-resistant organism is very likely
(empiric therapy) and/or microbiologically-confirmed (targeted
therapy). Antimicrobial prescriptions are written by all levels of
medical doctors, from juniors (medical officers and residents)
to seniors (fellows, consultant Pediatricians and neonatologists).
A specific antimicrobial prescription chart is used which allows
for the drug name, dose, route of administration, frequency,
start and stop date and the prescribing doctors name and
signature. Registered nurses are responsible for preparing and
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administering the antimicrobials. All antimicrobial therapy
for bloodstream infection is administered intravenously in
this population.

Therapeutic Drug Monitoring for

Antimicrobial Agents

Locally, trough TDM is recommended before the 3rd dose
of gentamicin and amikacin to limit potential toxicities
(29). In mid-2019 local vancomycin dosing guidelines were
changed to recommend a loading dose of vancomycin
followed by maintenance doses which vary according to
gestational age in preterm infants (29). Prior to this change
TDM was recommended before the 4th dose, whereas later
TDM samples were recommended before administration
of the 3rd or 4th vancomycin dose. When reviewing the
prescriptions, decision regarding correct timing of the TDM
was based on whether the loading dose was given. The
Division of Clinical Pharmacology uses DoseMeRx software
(30) to predict vancomycin dose based on gestational age,
weight, change in creatinine concentration and a vancomycin
trough concentration.

Study Objectives and Definitions

Our primary objective was to determine the prevalence of
antimicrobial-related medication errors in VLBW neonates with
laboratory-confirmed BSI. Duplicate BSI pathogens isolated
within 10 days of the first positive culture, were considered
to represent a single infection episode. Coagulase-negative
staphylococci (CoNS) were considered to be pathogens, if 2 or
more CoNS were isolated from blood cultures drawn within
two consecutive days. Data were analyzed comparing neonates
with early onset sepsis (EOS) to those with healthcare-associated
BSI (HA-BSI episodes that developed >72h after admission
to hospital).

For clinical impact of the BSI event we described: escalation
of respiratory support and/or need for mechanical ventilation,
admission to NICU, inotropic support (24h prior to and up
to 72h after sepsis diagnosis) and need for blood products or
surgery during antimicrobial therapy. In a study population such
as VLBW neonates, where co-morbitidies may be high, BSI
attributable death [death within 72h of BSI (31)] was compared
to those who died more than 72h after the blood culture (BSI
associated death) in attempt to clarify the contribution of the BSI
to the mortality rate (32).

The indication for antmicrobials and the overall antimicrobial
treatment duration was determined. We calculated the frequency
of dose errors (a 10% cut off margin on either side of the ideal
dose was used) (33), dosing interval errors and missed or delayed
(>1h) antimicrobial doses. Two local reference books, compiled
from international literature by the two tertiary hosipatls in
the Western Cape were used (29, 34). We also determined
the hang-time (interval from clinical infection diagnosis, based
on the time of blood culture sampling, to administration of
the first dose of antimicrobial) to empiric and concordant
antimicrobial therapy. One hour was used as a target hang-
time based on the increased mortality associated with every
hour delay in initiating appropriate antimicrobials (11). Cases

where death occurred before antimicrobial administration and
where the first dose of antimicrobial was documented as given
before infection diagnosis were excluded from the hang-time
analysis. The proportion of discordant empiric antimicrobial
prescriptions was described i.e., mismatch between the pathogen
identified and its sensitivity profiles to the empiric antimicrobial
prescribed. We described the proportion of antimicrobial
prescription episodes where TDM sampling was not performed
at the recommended time, according to the local guidelines.
For this we reviewed notations on the prescription chart in
combination with data from the pharmacology laboratory. We
assessed the proportion of TDM values in the therapeutic drug
concentration range and proportion of TDM episodes where
dose adjustments were enacted (if required). In cases where
there was more than 1 prescription for vancomycin per BSI,
repeat prescriptions were not analyzed for prescription errors
as dose or interval changes may have been made according to
TDM recommendations.

Data Sources

Data were collated from the Tygerberg Hospital Vermont Oxford
Network neonatal database, the hospital’s electronic record
management system, the National Health Laboratory Service
(NHLS), Tygerberg Hospital Clinical Pharmacology Laboratory
and Unit for Infection Prevention and Control’s neonatal BSI
surveillance records. Patient records were reviewed to collect
demographic, clinical, laboratory and antimicrobial prescription
data. Data were entered into an institutional-hosted REDCap
(Research Electronic Data Capture) database (35).

Statistical Analysis

The sample size required to deliver a 95% confidence
interval with a 4+ or - 5% margin of error at an estimated
prescribing/administration error prevalence of 20% was
calculated at 111 patients with infection episodes. Descriptive
analyses of neonatal and maternal demographic characteristics
were performed. Continuous variables (e.g., days of antibiotic
therapy) were reported as median with interquartile ranges
(IQR), and categorical data (e.g., missed antibiotic doses)
were reported as proportions/percentages. Students t-
test, Pearsons chi squared test and other non-parametric
tests (e.g., Fishers Exact) were used for hypothesis testing
where appropriate. Demographic factors associated with
prescription errors were evaluated using a multivariate
binomial regression model where significant univariate
predictors were added at a p-value of 0.2 to inform the
multivariate model. For all statistical tests performed, a p-value
<0.05 was considered significant. All the statistical analyses
were performed using STATA 16.0 (College Station, Texas
77845, USA).

Ethics approval for this study was received from the
Stellenbosch University Health Research Ethics Committee,
reference number N19/12/159 and Tygerberg Hospital via the
National Health Research Ethics Committee.
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I 201 Bloodstream infections episodes (BSI) in 1226 neonates I
Excluded:
* 35(17.,4%) born at another facility
* 5(2.5%) medical records or prescriptions
unavailable
I 161 BSI episodes in 141 neonates ! I
Hang-time analyzed for 140/161 (87%) BSI
episodes
21 excluded from analysis:
* 5 neonates died before antimicrobial prescription
* 16 neonates were given antimicrobials prior to
collection of a blood culture (i.e., diagnosis of
sepsis)
I 525 individual antimicrobial prescriptions were written for the 161 BSI episodes> I
30 antimicrobial prescriptions for vancomycin dose
adjustments were excluded

495 individual antimicrobial prescriptions in 141 neonates with 161 BSI episodes
were evaluated for dose and interval errors

denominator being the total number of doses administered.

FIGURE 1 | Culture confirmed blood stream infection episodes and prescriptions in very low birth weight neonates from 1 July 2018 to 31 December 2019. '141
neonates: 15 with 2 BSI episodes, 1 with 3 BSI episodes and 1 with 4 BS| episodes. ?Missed and delayed doses were evaluated on all 525 prescriptions with the

RESULTS

Maternal and Neonatal Characteristics
Two-hundred and one laboratory confirmed BSI episodes were
identified in 1,226 VLBW neonates admitted to Tygerberg
Hospital during the study period. Antimicrobial prescriptions
were analyzed for 161 BSI episodes diagnosed in 141 neonates
(Figure 1). The median gestational age and birth weight were
28 weeks and 1,030 g with a male predominance (78; 55.3%)
(Table 1). A quarter of mothers were living with HIV. Forty four
percent (62/141) went into spontaneous preterm labor and the
remainder delivered following induction of labor or cesarean
section for maternal indications. Of the 161 BSI episodes, the
majority were healthcare associated (145; 90%) and occurred at
a median of 10 (IQR 7-21) days of life (Table 2).

Blood Stream Infection Episodes

Most BSI episodes were primary (no identifiable source) (94;
58.4%), with the remaining 67 (41.6%) comprising BSI with
either meningitis, necrotising enterocolitis or other surgical
source and catheter-associated BSI. Gram negative BSI pathogens
predominated [117; 72.7%; 37% (59/161) Klebsiella species,
17% (26/161) Serratia marcescens], followed by gram positives
[41; 25.5%; 16% (25/161) Staphlococcus aureus] and fungi (3;
1.9%). More than half (52%) of neonates needed escalation of
respiratory support and 26% required admission to NICU. An

additional 11% (18/161) were already admitted in the NICU at
the time of the sepsis diagnosis. Thirty percent of BSI episodes
(49/161) resulted in death within 72 h of the sepsis diagnosis, with
a median (IQR) interval from blood culture collection to death of
1 (0-2) day.

Prescription Episodes

A total of 525 individual antimicrobial prescriptions were
identified for the 161 neonatal, including re-prescribing for dose
and/or dosing interval changes (Table 2). A median of 3 (IQR
2-4) individual antimicrobial prescriptions were observed for
each neonatal BSI episode. The median number of antimicrobial
classes prescribed per episode was 3 (IQR 2-4), however fewer
classes of antimicrobial were prescribed in the EOS group
[median 2 (IQR 2-3) vs. 3 (IQR 2-4) in those with HA-BSI].
The median duration of antimicrobial therapy was shortest for
primary BSI and longest for BSI associated with meningitis
and surgical infections at 9, 22, and 28 days, respectively. In
three-quarters of BSI episodes, the empiric antimicrobial therapy
prescribed was concordant with the antimicrobial susceptibility
of the BSI pathogen isolated (120; 74.5%). Discordance between
pathogen and empiric antimicrobial did not significantly impact
sepsis attributable mortality rates [9/44 (20%) vs. 27/112 (24%), p
= 0.6, OR 0.8 (95% CI 0.3-1.9)] or 30 day mortality rates [11/58
(19%) vs. 25/98 (26%), p = 0.3. OR 0.7 (CI 0.3-1.5)].
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Hang-Time

Of the 161 BSI episodes included in the analysis, hang-time could
only be determined for 140 (87%) BSI episodes, as 5 neonates died
before AMO could be prescribed and in 16 neonates the AMO
was administered prior to the diagnosis of sepsis. The median
antimicrobial hang-time was 115 (IQR 48-210) min and did not
differ by infection type (EOS vs. HA-BSI) (Table 3). Only 51/140
(36.4%) evaluable neonatal BSI episodes had administration of
the first dose of empiric antimicrobials within 60 min. There
was no difference in the proportion of neonatal BSI episodes
with hang-time <60 min by BSI type [4/14 (28.6%) of EOS vs.
47/127 (37.0%) of HA-BSI; p = 0.770]. Furthermore, hang-time
of <60 min was not associated with a reduced risk of sepsis
attributable death [16/42 (38%) vs. 33/98 (36%); p = 0.789, OR
1.1 (95% CI 0.5-2.3)].

Prescription and Administration Errors

After excluding neonatal BSI epsiodes where changes to
vancomycin prescriptions were needed based on TDM results (n
= 30), 495 prescription episodes remained for analysis of dose
and dose interval errors. Dose [0/46 (0%) EOS vs. 77/449 (17.2%)
HA-BSIL, p = 0.001] and dosing interval [3/46 (6.55) EOS vs.
78/449 (17.4%) HA-BSI, p = 0.037] prescription errors occurred
significantly more frequently among neonates with HA-BSI than
EOS (Table 3). Of the antimicrobials prescribed as empiric
therapy for suspected BSI, vancomycin had the highest frequency
of dosing errors (30.6%), whereas piperacillin-tazobactam had
the highest frequency of dose interval errors (40.5%) (Table 4).
Of the 495 prescriptions analyzed, 33 (6.7%) had inappropriately
high doses and 44 (8.9%) had low doses. There were no incorrect
doses in the prescriptions for EOS and only 3 dose interval
errors in this group. Postnatal age > 7 days, compared to those
older than 7 days, was the only significant factor associated with
prescription errors [adjusted odds ratio 2.64 (95% CI 1.2-6.3);
p = 0.028] (Table 5). Among all prescriptions, there were 219
(3.8%) missed doses and 78 (1.4%) delayed doses: 12 (3.5%) were
delayed in the EOS group vs. 66 (1.2%) in the HA-BSI group; p
= 0.001. We assessed gestational age, weight at the time of BSA,
postnatal age in days and timing of infection as possible factors
associated with admin errors but none were deemed significant.
Compliance with adhernence to TDM recommendations was
variable: 85% for vancomycin; 30% for amikacin and 13% for
gentamicin (Table 6).

DISCUSSION

In this cohort of 141 hospitalized VLBW neonates with BSI,
we evaluated the prevalence of antimicrobial prescription and
administration-related errors for 495 prescriptions. Median
hang-time to the first dose of empiric antimicrobial was
prolonged beyond 60-min in 64% of prescriptions. Prescription
errors (15.6% for dose and 16.4% for interval) were 4-fold
more prevalent than administration errors (1.4% had delayed
doses and 3.8% had missed doses), particularly in neonates
>7 days postnatal age. Prescription errors were frequent for
vancomycin (dose errors) and piperacillin-tazobactam (dose

TABLE 1 | Characteristics of mothers and very low birth weight neonates
receiving antimicrobials for blood stream infection episodes (n = 141).

Characteristic Total neonates
N =141

Sex, male, n (%) 78 (65.3)

Gestational age at birth in weeks, median (IQR) 28 (27-29)

Birth weight in grams, median (IQR) 1,030 (895-1,160)

Birthweight categories

500-749 g, n (%) 10(7.1)
750-999 g, n (%) 55 (39)
1,000-1,249 g, n (%) 54 (38.3)
1,250-1,500 g, n (%) 22 (15.6)
Mode of delivery

Normal vertex delivery, n (%) 46 (32.6)
Cesarean section, n (%) 95 (67.4)
Mother attended antenatal care?, n (%) 132 (93.6)
Maternal HIV status

HIV-negative, n (%) 103 (73.1)
Women living with HIV, on antiretroviral therapy (ART), n (%) 35 (24.8)
Women living with HIV, not on ART, n (%) 1(0.7)
HIV status unknown, n (%) 2(1.4)
Maternal complications and treatment

Any antenatal steroids received, n (%) 127 (90.1)
Maternal chorioamnionitis, n (%) 2(1.4)
Maternal urinary tract infection, n (%) 7 (5.0)
Spontaneous preterm labor, n (%) 62 (44.0)
Prolonged rupture of membranes (>18h), n (%) 23 (16.3)

aMaternal antenatal care was defined as documented attendance of any prenatal obstetric
care prior to delivery. IQR, interquartile range.

interval errors). There was moderate concordance between
pathogen susceptibility and empiric antimicrobial choice (75%).

BSI- attributable mortality occurred in almost one-third of
neonates (49/141, 30.4%). This is in keeping with a crude
mortality of 29% in VLBW infants at Tygerberg hospital in
2015 (5), but much higher than the BSI-attributable neonatal
mortality observed in in Taiwan (7%) and China (5-14%) (31,
36). These studies included term and preterm infants, with a
predominance of gram positive organisms pathogens. Reasons
for the substantially higher BSI-attributable mortality rates at
our institution may include: a greater proportion of fulminant
gram negative BSI, higher rates of antimicrobial resistance, a
greater percentage of preterm neonates with immature immunity
(46% of our cohort weighed < 1,000g at birth) and local
guidelines that limit access to NICU care for babies with birth
weight <800 g (28). A large German study confirmed that gram
negative pathogens are associated with higher mortality in VLBW
neonates compared to infection with gram-positive organisms
(37). Their crude mortality of 5.7% is significantly lower than
ours, but only 16% of BSI's were caused by gram-negative
organisms in their cohort compared to 73% in our study.

The duration of antimicrobial therapy at our unit was 9
days for primary BSI, but substantially longer in neonates with
meningitis and surgical infections. In a systematic review of
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TABLE 2 | Antimicrobial therapy and impact of blood stream infection episodes (161 episodes in 141 neonates)—a comparison between early onset and healthcare

associated BSI.

Antimicrobial therapy and impact Total BSI episodes Early-onset BSI Healthcare-associated BSI P-value
N =161 episodes episodes
N =16 N= 145
Age in days at infection onset, median (IQR) 10 (6-18) 0(0-2) 10 (7-21) N/A
Indication for antimicrobials, n (%)
Primary BSI 94 (58.4) 11(68.8) 83 (57.2) N/A
BSI with proven meningitis 14.(7.7) 2 (12.5) 12 (8.3)
BSI with necrotising enterocolitis 27 (16.8) 0(0) 27 (18.6)
BSI with catheter associated sepsis® 16 (9.9) 3(18.8) 13(9.0)
BSI with other surgical source® 5(3.1) 0(0) 5(3.4)
More than 1 infection® 5(3.1) 0(0) 5(3.4)
Duration of antimicrobial therapy course for infection episodes (days), median (IQR)°
Primary BSI 9 (5-13) 9 (5-10) 9 (6-14) N/A
BSI with proven meningitis 22 (18-24) 19 (14-24) 22 (19.5-24.5)
BSI with necrotising enterocolitis 2 (1-8) - 2 (1-8)
BSI with catheter associated sepsis® 10 (2-13) 1(1-11) 10 (2-13.5)
BSI with other surgical source® 28 (7-31) - 28 (7-31)
More than 1 infection® 22 (21-23) - 22 (21-23)
Impact of BSI episode®, n (%)
Required escalation of respiratory support 84 (52.2) 5(31.3) 79 (564.5) N/A
Required NICU admission from HC ward 42(26.1) 5(31.3) 37 (25.5)
Required mechanical ventilation' 58 (36.0) 6 (37.5) 52 (35.9)
Required inotropes 32 (19.9) 5(31.3) 27 (18.6)
Required blood products? 65 (40.4) 2(12.5) 63 (43.4)
Required surgery? 9(5.6) 0(0) 9(6.2)
Outcome of BSI episodes, n (%)
Died within 72 h (BSl-attributable deaths) 49 (30.4) 6 (37.5) 43 (27.7) 0.57
Antimicrobial prescriptions
Antimicrobial prescriptions for culture-confirmed BSI episodes, n 525 46 479 -
Antimicrobials prescribed per BSI episode, median (IQR) 3 (2-4) 3 (2-4) 3 (2-4) -
Appropriateness of the empiric prescription, n (%)
Concordant” 120 (74.5) 12 (75.0) 108 (74.5) 0.524
Discordant 36 (22.4) 2(12.5) 34 (23.4)
Died prior to receiving antimicrobial therapy 5(3.1) 2(12.5) 3(2.1)

BSI, blood stream infection,; SD, standard deviation; IQR, interquartile range; NICU, neonatal intensive care unit; HC, high care.
aCatheter associated sepsis = a neonate with clinical signs of sepsis plus a positive blood culture in the period between catheter insertion and 48 h post removal, with no other focus

of sepsis.
bFive patients had non-NEC surgery e.g., joint aspiration for septic arthritis.
®More than 1 infection was when there was more than 1 source e.g., meningitis plus NEC.

9Those where patient demised before the 1st dose of antimicrobial could be administered were excluded.

©Escalation of care within 24 h before and 72 h after the positive blood culture.
TIncludes those on mechanical ventilation at the time of sepsis diagnosis.

9INeed for blood products or surgery at any time while the neonate was receiving antimicrobials.
hConcordance was when the organism cultured was sensitive to the empiric antibiotic prescribed.

optimal antibiotic duration in children, 10 days of intravenous
treatment is suggested for bacteraemia caused by gram negative
organisms and 7-14 days for Staphylococcal infections (38). In
many neonatal units there is substantial variability in duration of
antimicrobial therapy for infection, and this is a potential target
for antimicrobial stewardship to standardize, and where safe to
do so, reduce length of therapy (39).

The potential for adverse drug events in neonates is high,
especially for patients in the NICU, with 79% occurring at the

stage of drug prescribing and 34% involving incorrect dosing
in one American study (40). In children, prescribing errors are
more commonly found with antimicrobials than other agents
(20, 22, 41) possibly due to the fact that, along with sedatives,
they are the most common class of drug prescribed (20). This
was confirmed locally in a study from Gauteng including NICU
patients as well as pediatric inpatients, where 43% of errors were
related to anti-infective agents (21). Almost 20% of antimicrobial
prescriptions had dose errors with 18.9% frequency errors in a
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TABLE 3 | Antimicrobial prescription errors and hang-time.

Prescription errors and hang-time Total prescription

Prescription

Prescription episodes for P- value

episodes episodes for healthcare-associated
N = 495 early-onset BSI BSI
N =46 N = 449
Antimicrobials prescribed with incorrect dosage?, n (%) 77 (15.6) 0 (0%) 77 (17.2) 0.001
Antimicrobials prescribed with incorrect dosing interval®, n (%) 81 (16.4) 3(6.5) 78 (17.4) 0.037
Hang-time in minutes to receipt of empiric antimicrobial/s, median (IQR)° 115 (48-210) 109.5 (13-120) 115 (50-240) 0.298
Hang-time in minutes to receipt of concordant antimicrobial, median (IQR)° 150 (60-658) 110 (63-140) 170 (60-790) 0.090

@Where there was >1 prescription episode for vancomycin the subsequent prescriptions were excluded as adjustments may have been made according to the therapeutic

drug monitoring.

bpatients who died before antimicrobials could be given and those where antimicrobial was recorded as given before the blood culture was taken were excluded from the hang

time analysis.
IQR, interquartile range; BSI, bloodstream infections.

TABLE 4 | Frequency of dosing and dosing interval errors for frequently used antimicrobials.

Antimicrobial name? Number of prescriptions

Frequency of dose errors, Frequency of dose interval

n (%) errors n (%)

Ampicillin 30 0(0) 6 (20.0)
Amikacin 78 18 (28.1) 3(3.8)
Cefazolin 6 (75.0) 8 (100)
Cefotaxime 3(33.3) 4 (44.4)
Colistin 21 7(33.9) 3(14.3)
Fluconazole 17 2(11.8) 0(0)
Gentamicin 14 1(7.1) 0 (0)
Imipenem 5 1 (20.0) 3 (60.0)
Linezolid 5 1(20.0) 1(20.0)
Meropenem 136 5(3.7) 1(0.7)
Piperacillin-tazobactam 79 2 (2.5) 32 (40.5)
Trimethoprim/sulfamethoxazole 10 5 (55.6) 3(33.3)
Vancomycin 72 22 (30.6) 15(20.8)

aAntimicrobials with fewer than five prescription episodes were excluded (amphotericin B, cephalexin, cefepime, ceftriaxone, cefuroxime, ciprofloxacin, clindamycin, ertapenem, penicillin

G, rifampicin, tobramycin).

TABLE 5 | Predictors of antimicrobial prescription errors in very low birth weight
neonates.

Variable Unadjusted

Odds ratio (95% CI)

Adjusted
Odds ratio (95% Cl)

Gestational age

>28 weeks 0.7 (0.36-1.34) -
Highest weight at time of BSI

>1,000g 0.8 (0.4-1.6) -
Postnatal age

>7 days 3(1.4-6.3) 2.64 (1.17-6.29)
Timing of infection

Healthcare-associated BSI* 3.2 (0.9-10.7) 1.47 (0.36-5.95)

BSI, bloodstream infections; Cl, confidence interval.
*Healthcare-associated BSI was compared to early onset sepsis.

pediatric study in Pakistan (42). The error rates in our VLBW
neonatal population are comparable, although slightly lower, at
15.6 and 16.4%, respectively. Our study shows 42% of dose errors

were associated with high doses and 57% with low doses. These
findings were similar to a French study which reported 46% high
dose errors and 54% low dose errors (43).

A Brazilian study noted that in general, prescribing
errors are more frequent in preterm neonates with dosing
errors occurring in 18.5% of preterm neonates compared
to 12.9% in term neonates (18). These rates are still higher
than those seen in manual prescriptions for preterm
infants, <33 weeks, in France (43) where they subsequently
recommended the use of computerized systems for prescribing
in neonatal units. Electronic prescriptions in children were
studied by Maat et al. and they found that the use of a
“standardized structured template” reduced the risk of errors
compared to “free text” prescriptions (44). Our unit does
not currently have access to electronic prescribing systems,
however more simple interventions such as preformatted
prescription sheets, training, pharmacist-led prescription
reviews and the use of a single reference source have been
successful in reducing prescription errors (17, 19, 45, 46).
No single intervention to reduce medication errors has
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TABLE 6 | Therapeutic drug monitoring (TDM) of selected antimicrobials for
neonatal BSI episodes.

n (%)

Vancomycin
TDM performed if clinically indicated?® 39/46 (84.7%)
TDM performed at the correct time® 16/39 (41.0%)

Vancomycin drug concentration®

Toxic 6 (15.4%)
Sub-therapeutic 19 (48.7%)
Appropriate 14 (35.9%)

Dosing adjusted following toxic/sub-therapeutic level 15/25 (60.0%)

Vancomycin stopped" following toxic/sub-therapeutic level 6/25 (24%)
Amikacin

TDM performed if clinically indicated® 8/27 (29.6%)

TDM performed at the correct time® 2/8 (25.0%)
Amikacin trough concentration

<2.5pg/mL 3 (37.5%)
2.5-5pug/mL 4 (50.0%)
>5pg/mL 1(12.5%)
Amikacin stopped' following trough concentration >2.5 ug/mL 4/5 (80%)
Gentamicin

TDM performed if clinically indicated® 1/8 (12.5%)
TDM performed at the correct time® 0/1 (0.0%)
Gentamicin trough concentration

<1pg/mL 0 (0.0%)
1-2 pg/mL 0(0.0%)
>2pg/mL 1(100%)
Gentamycin stopped" following trough concentration>2 pg/mL 1/1 (100%)

aTDM was indicated in any patient where >4 doses of vancomycin were administered.

b Prior to the 4th dose of vancomycin administration or, if loading dose given, prior to the
3rd or 4th dose of vancomycin administration.

CToxic > 20 wg/mL; sub therapeutic <10 wg/mL; appropriate 10-20 wg/mL.

9Any patient where >3 doses of amikacin or gentamicin were administered.

©Prior to the 3rd dose of amikacin or gentamicin administration.

"Drug stopped within 24 h of TDM sample.

been proven to be superior, thus individual units need
to implement what is practical and cost-effective in their
setting (47).

The only factor that was associated with prescription errors
in our cohort was a postnatal age of 7 days or more, where
prescriptions for HA-BSI necessitate use of a wider range
of antimicrobials, some of which are not commonly used.
In addition, some antimicrobial dosing intervals change with
increasing postnatal age, necessitating accurate calculation by the
prescriber which increases risk of errors. Another factor that
may have contributed to confusion among prescribers, is the use
of two different neonatal prescribing guidelines, which did not
include recommendations for at least three antimicrobials used
in our unit. Many doctors work at both tertiary hospitals in the
Western Cape and their respective referral hospitals and thus
reference books are shared between the units. Development of
a single drug dose reference book for all provincial neonatal units
should be considered to minimize prescription errors.

Studies in adults and children have focused on the concept
of the golden hour for initiation of antimicrobial treatment in
patients with sepsis (11). In our study, the median hang-time to
empiric antimicrobial was close to 2h for both early-onset BSI
and HA-BSI. In the EOS group, delays in admitting neonates
from labor ward or theater may have been a contributing
factor. In patients with HAI, difficulty obtaining intravenous
access and poor communication between medical and nursing
staff may have contributed to prolonged hang-times. In our
neonatal wards there are limited number of registered nurses
able to administer medication, thus if the sepsis diagnosis is not
directly communicated to them, there is an increased chance
that they will only come across the medication chart when doing
their medication rounds. In a quality improvement study in
South Carolina, improved communication successfully reduced
antimicrobial hang-time in neonatal HAI (48). In contrast to our
findings, a NICU sepsis study found prolonged hang-time was an
independent risk factor for death (12). However, their patients
were bigger (mean birth weight 2.3kg, mean GA 34 weeks),
and isolated mostly gram positive pathogens. In our setting and
in Germany gram negative infections have shown significant
association with mortality (5, 37). Possible reasons for the failure
to find an association between hang-time and mortality in our
cohort may be the small sample size and the predominance of
gram negative BSI pathogens with a fulminant disease course,
despite prompt administration of antimicrobials.

Cook et al. showed that neonates and children receiving
discordant empiric antibiotics had a 3-fold higher risk of death
within 30 days of BSI (49) but this was not found in our
study. Only 15.5% of their cohort were preterm neonates. Death
within 72h of sepsis diagnosis was not significantly higher in
our patients who received discordant empiric therapy. Although
not significant, there appeared to be a longer delay in initiating
concordant therapy in HA-BSI episodes, likely due to higher
rates of antimicrobial resistance. Most antimicrobials are kept
as ward stock for rapid access, however in some cases of less
commonly used antimicrobials (e.g., linezolid, imipenem), delays
may occur while waiting for pharmacy to issue the drugs or
whilst awaiting permission from the antimicrobial stewardship
committee (e.g., colistin).

In a review of medication incidents in England and Wales,
omitted and delayed doses were the most common category of
error reported (50). Comparatively the percentage of missed and
delayed antimicrobial doses in this study was low at 3.8 and 1.4%,
respectively. This may be a spurious finding as antimicrobial
administration was not observed in our study. Thus, correlation
between doses signed for and the actual time of administration
could not be confirmed. In a busy neonatal unit with low
nurse-to-patient ratios, one could postulate that antimicrobials
with less frequent dosing would have fewer administration
errors. This is in keeping with our once daily aminoglycoside
dose recommendation.

In this study, although vancomycin TDM was done regularly,
it was only done at the recommended time in 41% of cases. This
may have been due to limited staff availability after hours to
collect blood samples or, to cluster blood sampling to minimize
the number of neonatal invasive procedures. Additionally,
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vancomycin dose adjustments often require regular consultations
with clinical pharmacologists whose services are only available
in large, academic centers contributing to inadequate dosing/
dosing errors. The aminoglycoside TDM was less well-performed
and is an area where management can be improved. Medical and
nursing staff training, close review of prescription charts on ward
rounds and antimicrobial stewardship rounds, and inclusion of
TDM recommendations in antimicrobial guidelines and unit
protocols should be implemented.

This study has several limitations including a retrospective
design, unavailability of some prescription charts (2.5%) and
the lack of documentation of time of BSI diagnosis in the
clinical notes (time of blood culture sampling recorded on the
laboratory information system was used as a proxy). However,
this resulted in some episodes where antimicrobials appeared
to have been given before infection diagnosis, and were thus
excluded from the hang-time analysis. In addition, we were
unable to identify time of prescription (day/night) and the
seniority of the prescribing doctor as that information is not
currently captured on our antimicrobial prescription charts. One
might postulate that junior doctors may be more prone to
prescribing errors, or that after-hours, when there is less support,
errors may be more frequent. The quality of the drug prescription
in terms of legibility, unspecified data etc was not described as
a standardized, structured prescription chart is used to reduce
these issues. Information regarding whether antimicrobials were
administered in the wards vs. the NICU, with potentially better
nurse to patient ratios, was also not available. As the study
was retrospective, the preparation and administration of drugs
was not observed, thus the accuracy of antimicrobial time of
administration could not be confirmed, which may account for
the low frequency of administration errors. The strength of
this study, however, lies in the large number of prescriptions
analyzed and the detailed analysis of several prescription related
metrics. In addition there is very limited data available for this
population (VLBW neonates with BSI from SSA), a group known
to be at higher risk of BSI. This study provides novel data and
comprehensive analysis to address this gap. The findings of this
study could potentially guide other neonatal units facing similar
challenges with antimicrobial prescription and administration.

CONCLUSION

Although antimicrobial prescription and administration errors
are prevalent in this vulnerable population of VLBW neonates,
the frequency of errors is similar to that reported from
other lower and upper-middle income countries (LMIC).
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University of Alberta, Edmonton, AB, Canada, ° Department of Physical Medicine and Rehabilitation, University of
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Background: Comprehensive multidisciplinary assessment of neurodevelopmental
outcomes of high-risk neonates may have significant challenges in low- and
middle-income countries, in addition to socio-cultural barriers. We aimed to compare
the time to diagnosis of neurodevelopmental impairment (NDI) and cerebral palsy (CP) in
preterm neonates (<29 weeks) at a multidisciplinary assessment and care (MDAC) clinic
with that of a conventional high-risk infant follow-up clinic in China.

Methods: All eligible surviving very preterm neonates born at <29 weeks gestation at
the University of Hong Kong-Shenzhen Hospital between January 2015 and December
2019 were followed up in conventional (2015-2017) and MDAC (2018-2020) clinics up
to 2 years corrected age with clinical demographic information collected in a prospective
database. The MDAC team used standardized developmental assessments. The rates
and timing of diagnosing NDI and CP in two epochs were compared.

Results: The rates of NDI and CP were not different in two epochs [NDI: 12 (50%) vs. 12
(41%); CP: 3 (12%) vs. 2 (7%) of 24 and 29 surviving infants assessed in conventional and
MDAC clinics, respectively]. Infants in the MDAC clinic were diagnosed with NDI and CP
earlier than those in the pre-MDAC epoch (6 vs. 14 months corrected age, respectively,
P < 0.05).

Conclusion: High-risk preterm neonates can be followed more effectively in a
family-centered, child-friendly multidisciplinary clinic, leading to an earlier diagnosis of
NDI and CP. Early counseling and interventions could be implemented accordingly.

Keywords: prematurity, cerebral palsy, neurodevelopmental impairment (NDI), multidisciplinary (care or team),
early diagnosis, neurodevelopment
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INTRODUCTION

Although the survival of very preterm infants continues to
improve, extremely preterm birth remains a leading cause of
neonatal death, short-term morbidity, and neurodevelopmental
sequelae in early childhood (1). Among the neurodevelopmental
sequelae  during early childhood, neurodevelopmental
impairment (NDI) is a composite outcome that includes
significant motor, cognitive, and neurosensory impairments
(2). Cerebral palsy (CP) is a group of permanent disorders of
the development of movement and posture, causing activity
limitation that is attributed to non-progressive disturbances that
occurred in the developing fetal or infant brain (3). In a National
Institute of Child Health and Human Development study of
extremely preterm infants (<27 weeks gestation) between 2011
and 2015, 12% had CP and 16-34% had moderate-to-severe NDI
between 18 and 26 months adjusted age (4). It was estimated
that 3.5-14.9% of extremely preterm infants developed severe
NDI in the Canadian Neonatal Follow-up Network (2). In
China, there is limited information or large cohort studies
regarding the neurodevelopmental outcome in extremely
preterm infants.

A study from the Global low- and middle-income countries
CP register recruited 2,664 children from Bangladesh, Nepal,
Indonesia, and Ghana between January 2015 and May 2019 and
showed that the median age of diagnosing CP was 3 years (5). In
Vietnam, using a surveillance system modeled on the Pediatric
Active Enhanced Disease Surveillance system in Australia, CP
was diagnosed at a mean age of 1 year and 8 months (6). In
China, CP was usually diagnosed at 1-2 years of age (7). However,
two recent studies showed that early diagnosis of CP in the first
year of life in high-risk infant follow-up clinics is both feasible
and practical (8, 9). Further, many infants with NDI and CP
respond well to interventions in early childhood when brain
plasticity is at its greatest (10). Therefore, early diagnosis of
NDI and CP could be crucial to influence the outcomes of these
children and their families. Based on moderate-quality evidence,
Novak et al. (11) advocated that the diagnosis of CP can and
should be made as soon as possible so that (1) the infant can
receive diagnostic-specific early intervention and surveillance to
optimize neuroplasticity and prevent complications and (2) the
parents can receive psychological and financial support. From the
family-centered care perspective, most parents of children with
CP want earlier diagnosis and do not want information withheld.
They value honest and accurate information and research-driven
diagnosis and treatment (12).

We aimed to evaluate the feasibility of implementing an
“arena assessment” model by a multidisciplinary team and its
timing in the diagnosis of CP and NDI in infants <29 weeks
gestation in Shenzhen, China. Maitre et al. suggested that the
implementation of this model could result in earlier detection
of CP (9). We therefore hypothesized that the implementation
of the multidisciplinary assessment and care (MDAC) clinic
would lead to an earlier diagnosis of NDI and CP, when
compared to the conventional follow-up program of high-risk
preterm infants.

METHODS

This retrospective observational study was approved by the
University of Hong Kong-Shenzhen Hospital Institutional Ethics
Committee [#(2021)058]. Written informed consent from the
participants’ legal guardian/next of kin was not required to
participate in this study in accordance with the national
legislation and the institutional requirements.

In Shenzhen, there are ~200,000 births annually in a
population of 20 million. There are ~300 neonates admitted
to the neonatal intensive care unit (NICU) at University of
Hong Kong-Shenzhen Hospital annually. Our NICU provided
family-centered care since 2013. Clinical and demographic
information during hospital stay was collected in a prospective
database, and the diagnosis of neonatal morbidities including
neonatal sepsis, bronchopulmonary dysplasia, intraventricular
hemorrhage, necrotizing enterocolitis, and retinopathy of
prematurity followed that of international definitions (13). The
data from all preterm infants, who were born at <29 weeks
gestation from January 2015 to December 2019, survived and
discharged from the NICU, and seen at the follow-up clinic in
2015-2020, were included in the study.

High-Risk Infant Follow-Up Clinic in

2015-2017 (Pre-MDAC Epoch)

The high-risk infant follow-up clinic at the University of
Hong Kong-Shenzhen Hospital routinely followed all neonates
who were born in this hospital with medical complexity in
the perinatal period including but not limited to prematurity,
low birth weight (<2,500 g), small for gestational age, asphyxia,
neonatal encephalopathy, neonatal stroke, congenital heart
defects, or other anomalies. It was held twice weekly. Many
children with less common risk factors for CP also received
care in this clinic. The national guidelines recommended the
follow-up of high-risk neonates at 6 weeks after discharge
from the NICU and every 3-6 months thereafter. All visits
included medical and neurological exams, needs assessment
by neonatologists, and standardized testing by certified nurses
(the Ages and Stages Questionnaire, v.3, ASQ-3; Zhuhai Ocean
Educational Science & Technology Co., Ltd, Zhuhai, China, at 12
and 18 months). After assessment, patients with special needs are
referred to subspecialty programs (audiology, ophthalmology,
CP, and physical medicine) as appropriate or offered a follow-up
appointment. There was no specific early CP diagnostic program.

MDAC Clinic in 2018-2020 (MDAC Epoch)

In 2018, the follow-up of high-risk neonates for early diagnosis
of CP was developed based on the model of the Nationwide
Children’s Hospital (8) and Novak et al. (11). An MDAC
clinic that focused on following those preterm infants born
at <29 weeks gestation was established, in addition to the
visit at the high-risk infant follow-up clinic. The patient load
at the MDAC clinic was lower than that of the high-risk
infant follow-up clinic where a large population of high-risk
infants were routinely monitored. This MDAC clinic was held
monthly. The multidisciplinary team consisted of neonatologists;
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nursing specialists; and physical, occupational, and speech
therapists. The team received intensive training by international
specialists including developmental pediatricians, physiatrists,
and therapists experienced in the assessment and care of neonates
at risk for NDI and CP through regular workshops and clinical
teachings. In this provider-organized MDAC clinic, eligible
infants were seen at 6, 12, 18, and 24 months adjusted age.

Clinical information during hospital stay was documented
by nursing specialists from the MDAC team. Social media
(WeChat) was used to maintain contact with parents after
discharge and understand the concerns and needs of families.
Nursing specialists interviewed parents 1 day in advance of the
MDAC clinic to record the progress of their child, including (1)
general conditions such as seizures, feeding, sleep, and bladder
and bowel habits, (2) results of vision and hearing tests, (3)
the administration of ASQ-3 at 12-18 months, and (4) other
parental concerns.

Following the guidelines of early diagnosis of CP (8), a
unique model of “arena assessment” was implemented in this
MDAC clinic. All team members attended a pre-assessment case
conference to be familiar with every case based on up-to-date
clinical information from nursing specialists. Each infant was
examined by one team member with other members observing
the examination in close proximity. The examiner completed
and scored the Hammersmith Infant Neurological Examination
(HINE) and the Alberta Infant Motor Scale (AIMS). The HINE
is an easily performed, relatively brief, standardized, and scorable
clinical neurological examination for infants between 2 and
24 months of age. HINE is accessible to all clinicians, with
good inter-observer reliability even in less experienced staff. The
use of the HINE optimality score and cut-off scores provides
prognostic information on the severity of motor outcome. The
HINE can further help to identify those infants needing specific
rehabilitation programs (14). The AIMS is a unidimensional
scale that aims to assess gross motor development of children
aged up to 18 months by observing the spontaneous repertoire
of children’s skills detected through 58 items grouped under
four postures: prone (21 items), supine (9 items), sitting
(12 items), and standing (16 items) (15). Neonatal cranial
ultrasonography, MRI brain, and ASQ-3 questionnaire were
reviewed. Intraventricular hemorrhage was graded using the
Papile classification (16). We used the classification system by
Himmelmann et al. to categorize MRI findings (17). Infants were
classified and diagnosed as having normal motor development,
delayed motor development, high-risk of CP, CP, and NDI at
the time of clinic attendance based upon the above assessments.
Delayed motor development in preterm infants was defined
by the mean value for the AIMS below 10th percentiles at 4
months and below 5th percentiles at 8 months (18). The HINE
was completed using the standard proforma and scored from
0 to 78. An HINE score <73 (at 6, 9, or 12 months adjusted
age) was considered at high risk of CP (11), whereas a score
<59 and <65 at 6 and 12 months adjusted age, respectively,
indicates CP (19). NDI was defined as one of neuromotor,
neurocognitive, and neurosensory impairments at 12-18 months
adjusted age. Neuromotor impairment included CP, AIMS <10th
percentiles at 4 months, <5th percentiles at 8 months, an HINE

score <59 at 6 months or <65 at 12 months adjusted age, or
ASQ-3 scores in both gross and fine motor domains at the
monitoring zone, or one that was below the cut-off threshold.
Neurocognitive impairment was defined as ASQ-3 scores with
>2 domains including communication, problem solving, and
personal-social, were within the monitoring zone, or >1 domain
below cut-off threshold (20). Neurosensory impairment included
visual or hearing impairment requiring corrective measures. The
category of NDI was determined by the most severe impairment
in any domain. At the post-clinic conference, the MDAC team
discussed and adjudicated the infants’ neurodevelopmental state
based on physical findings, ASQ-3, HINE and AIMS scores,
and neuroimaging. As the team lead, the neonatologist then
had a family-centered conference with the parents, discussed the
findings, and provided anticipatory counseling and a care plan.
Referrals were made for infants at high risk of CP or with CP
to the department of physical medicine and rehabilitation for
early interventions and therapy as appropriate. Infants who were
diagnosed with NDI due to vision or hearing impairment were
referred to the ophthalmology or otolaryngology departments for
further management.

Statistical Analysis

All analyses were conducted by using IBM Statistical Product
and Service Solutions software Version 24 (SPSS Inc., Chicago,
IL, USA). Continuous variables were summarized as the mean =+
standard deviation and median with interquartile ranges (IQRs)
for parametric and non-parametric distributions, respectively.
The variables of two cohorts (pre-MDAC and MDAC epochs)
were compared as well as those of infants diagnosed to have NDI
and CP in the respective epoch. The parametric (Student’s t) or
non-parametric (Mann-Whitney U) tests were used to analyze
variables accordingly. Comparisons of categorical variables were
performed using the Pearson chi-square test or Fisher exact test.
P < 0.05 was considered as statistically significant. Infants lost to
follow-up in the study were not included in the analyses of the
outcome variables.

RESULTS

From January 2015 to December 2019, 708 preterm neonates
were admitted to our NICU with 73 (10%) born at <29
weeks' gestation. Thirteen (18%) of 73 neonates died during
hospitalization. Among the 60 survivors, 49 (82%) had
bronchopulmonary dysplasia, 28 (47%) had retinopathy of
prematurity, 8 (13%) had severe necrotizing enterocolitis
(stages II and III of Bell’s classification), and 13 (22%) had
major intraventricular hemorrhage (grades 3 and 4 of Papile
staging). Table 1 shows the socio-demographic and perinatal-
neonatal characteristics of all infants in the follow-up clinics.
Chorioamnionitis, small for gestational age, longer hospital
stay, prolonged invasive ventilation, and more frequent packed
red blood cell transfusions were common among those with
NDI compared with those without NDI (P < 0.05). Gestational
age, birth weight, sex, delivery mode, Apgar score at 5min
of life, maternal ages, premature rupture of membrane,
gestational  diabetes mellitus, gestational hypertension,
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TABLE 1 | Socio-demographic and perinatal-neonatal characteristics between neurodevelopmental impairment (NDI) and non-NDI groups.

Variables Non-NDI (n = 29) NDI (n = 24) P

Gestational age (weeks) 27.4 (26.6-28.1) 27.8 (26.4-28.2) 0.865
Birth weight (grams) 1,000 (920-1,105) 870 (735-1,100) 0.168
Male gender 14 (48%) 15 (63%) 0.300
Vaginal delivery 18 (62%) 13 (54%) 0.561
Apgar score at 5min 8(7-9) 8 (7-8) 0.531
Maternal age (years) 32+ 4 34 +4 0.208
Premature rupture of membrane 3 (10%) 7 (29%) 0.081
Gestational diabetes mellitus 6 (21%) 3 (13%) 0.487
Gestational hypertension 2 (7%) 3 (13%) 0.649
Antenatal steroids 26 (90%) 22 (92%) 1.000
Magnesium sulfate 22 (76%) 13 (54%) 0.097
Maternal chorioamnionitis 3 (10%) 8 (33%) 0.040
SGA (birth weight <10th percentile) 0 (0%) 4 (17%) 0.036
Hospital length of stay (days) 76 (58-95) 91 (72-116) 0.043
Surfactant therapy (%) 15 (52%) 14 (58%) 0.630
Lowest temperature in 0-12h (°C) 36.5 (35.8-36.7) 36.4 (36.0-36.7) 0.525
Duration of invasive ventilation (days) 0.04 (0-7) 6.75 (0.35-14.9 0.028
Duration of non-invasive ventilation (days) 51+ 19 54 4+ 23 0.568
Number of packed RBC transfusions 1(0-3) 3 (2-4) 0.016
Neonatal sepsis 7 (24%) 7 (29%) 0.679
Bronchopulmonary dysplasia 25 (86%) 19 (79%) 0.715
Intraventricular hemorrhage (>grade3) 5(17%) 7 (29%) 0.302
Necrotic enterocolitis (>stage II) 3 (10%) 5(21%) 0.444
Retinopathy of prematurity 13 (45%) 15 (63%) 0.200
Discharged on home oxygen 1(3%) 5 (21%) 0.080
Discharge weight (grams) 2,725 (2,260-2,995) 2,700 (2,390-3,363) 0.514
Corrected age of MRI (weeks) 38.5 (36.4-41.1) 39.7 (37.4-42.4) 0.192
Abnormal brain MRI 6/26 (23%) 7/22 (32%) 0.497
Periventricular leukomalacia 1(3%) 4 (17%) 0.164

SGA, small gestational age; RBC, red blood cell; MRI, magnetic resonance imaging; The bold values were used to indicate significance with P-values <0.05.

antenatal steroids, magnesium sulfate, surfactant therapy, lowest
temperature within 12h after birth, surfactant therapy, non-
invasive ventilation days, neonatal sepsis, bronchopulmonary
dysplasia, major intraventricular hemorrhage, severe necrotizing
enterocolitis, all types of retinopathy of prematurity, discharged
on home oxygen, discharged weight, corrected age of MRI,
abnormal MRI findings, and periventricular leukomalacia were
not different between infants with NDI and without NDI.
Magnetic resonance imaging was performed in 48 (91%) infants,
of whom 13 (27%) had abnormal brain findings including
periventricular leukomalacia (n = 5) (Table 1).

In the pre-MDAC epoch (2015-2017), 6 (20%) of 30 surviving
infants lost to follow-up, whereas, 1 (3%) of 30 survivors lost
to follow-up in the MDAC epoch (2018-2020) (P > 0.05). The
remaining 53 infants were born at 27.3 & 1.3 weeks gestation with
birth weight 971 & 215 g and 29 (55%) of male sex. Twenty-four
(45%) infants had NDI. Five (9%) infants were diagnosed with
CP, with 2 (4%) infants <12 months adjusted age diagnosed as
at high risk for CP. Severe visual and hearing impairments were
diagnosed in 4 (8%) and 2 (4%) surviving infants, respectively
(Table 2).

During the two epochs, ASQ-3 questionnaires were
administered to 49 (92%) infants (Table3) at the mean-
adjusted age of 13.5 and 14.4 months for those infants without
and with NDI, respectively. There were three un-validated
completion of ASQ-3 questionnaires and one parental refusal in
pre-MDAC and MDAC epochs, respectively. It was common for
the scores of fine motor, personal-social, problem-solving, and
communication domains to be below cut-off threshold among
those infants with NDI, when compared with those without NDI
(P < 0.05). Regarding the scores below the cut-off threshold of
the gross motor domain, there was no difference between NDI
and non-NDI infants (P = 0.072).

During the MDAC epoch, HINE and AIMS were implemented
in MDAC clinic by the team. The mean adjusted age at
the diagnosis of NDI and CP during the MDAC epoch was
significantly lower than that during the pre-MDAC epoch [6 (5-
12) vs. 14 (11-18) months, respectively, P = 0.02] (Table 4).
There were no significant differences regarding demographic,
clinical and neuroimaging findings, and main short-term
morbidity between surviving infants in the pre-MDAC and
MDAC epochs, although infants assessed in the MDAC epoch
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TABLE 2 | Neurodevelopmental outcomes during the pre-MDAC (2015-2017)
and MDAC (2018-2020) epochs.

Pre-MDAC MDAC

(n =24) (n =29)
Total neurodevelopmental impairment (%) 12 (60%) 12 (41%)
Mild neurodevelopmental impairment (%) 5 (20%) 9 (32%)
Moderate to severe neurodevelopmental 7 (29%) 3 (10%)
impairment (%)
Cerebral palsy (%) 3 (12%) 2 (7%)
High-risk of cerebral palsy (%) - 2 (7%)
Visual impairment (%) 3 (12%) 1(4%)
Hearing impairment (%) 1 (4%) 1 (4%)

All P > 0.05.

Mild neurodevelopmental impairment: one of neuromotor impairment (GMFCS 2 or AIMS
< 10th percentile at 4 month, <5th percentile at 8 month or HINE <59 at 6 month, <65
at 12 month corrected age or both gross and fine motor domains of ASO-3 in monitoring
zone, or one is below cut-off), neurocognitive impairment (=2 domains pf ASQ-3 including
communication, problem solving and personal-social, scores in monitoring zone, or one of
domains below cut-off) or neurosensory impairment (visual or hearing deficits not requiring
corrective measures).

Moderate to severe neurodevelopmental impairment: a composite of neuromotor and
neurocognitive and/or neurosensory impairment (GMFCS 3-5, or HINE < 40 or both
gross and fine motor domains of ASO-3 are below cut-off and >2 domains including
communication, problem solving and personal-social below cut-off; and/or visual or
hearing deficits requiring corrective measures).

High-risk of cerebral palsy: HINE score <73 at 6, 9, or 12 months adjusted
age, respectively.

TABLE 3 | Results of Ages and Stages Questionnaire (v.3) assessment in
neurodevelopmental impairment (NDI) and non-NDI groups.

Variables Non-NDI(n=28) NDI(n=21) P

Corrected age (month) 135+75 14.4 +£4.9 0.202
Gross motor below cut-off 0 (0%) 3 (14.3%) 0.072
Gross motor monitoring zone 2 (7.1%) 11 (562.4%) 0.001
Fine motor below cut-off 0 (0%) 4 (19.0%) 0.028
Fine motor monitoring zone 1(3.6%) 4 (19.0%) 0.150
Communication below cut-off 0 (0%) 5 (23.8%) 0.011
Communication monitoring zone 1 (3.6%) 5 (23.8%) 0.072
Problem solving below cut-off 0 (0%) 4 (19.0%) 0.028
Problem solving monitoring zone 0 (0%) 2 (9.5%) 0.179
Personal-social below cut-off 0 (0%) 4 (19.0%) 0.028
Personal-social monitoring zone 1(3.6%) 4 (19.0%) 0.150

There was no validated data in Ages and Stages Questionnaire (v.3) of one child and 3
children in non-NDI and NDI groups, respectively. The bold values were used to indicate
significance with P-values <0.05.

had a higher discharge weight (P = 0.045) (Table 4). The infants
of the pre-MDAC epoch and a lower score in communication
domain (P < 0.001) than infants assessed in the MDAC epoch
(Table 4).

DISCUSSION

This is the first report describing the implementation of early
CP and NDI diagnosis using a family-centered MDAC clinic

in a Chinese setting. The incidence of moderate to severe NDI
was 19% in this study, compared to 16-32% reported in a
National Institute of Child Health and Human Development
study (4). The incidence of severe NDI in survivors between
18 and 26 months adjusted age ranged from 3.5 to 14.9% (n
= 2187) (2). A Swedish study incidence of severe NDI was
11% at 2.5 years of age for their more immature cohort born
at <27 weeks of gestation (21). The rate of CP (9%) in this
study was lower than that observed by Adams-Chapman et al.
(vs. 12%), whereas that of severe visual impairment (8%) was
higher and severe hearing impairment (4%) was (vs. 1 and 3%,
respectively) (4). We believe that the difference could be related
to the variation in definitions, reporting mechanisms, cohort
characteristics and corrected ages at the time of assessment
and diagnosis.

Epidemiological studies have shown that the origins of most
CP are prior to labor.

Maternal chorioamnionitis is associated with an increased
risk of CP in term infants (21). Among a case-control study
reported a strong association between maternal chorioamnionitis
and CP (odds ratio 4.1, 95% confidence intervals 1.6-
10.1) (22). Other risk factors include prematurity and small
for gestational age (23). Mechanical ventilation has been
associated with increased risk of CP (24). Recent studies
on white matter microstructure in extremely preterm infants
(gestational age <27 weeks) found that the number of days
on mechanical ventilation was an independent contributor to
diffuse white matter injury, especially in the right external
capsule (25), the occipital periventricular zone, and the centrum
semiovale (26). Red blood cell transfusion has a negative
impact on survival in extremely low-birth- weight infants.
The number of transfusions affects later neurodevelopment
(27). We observed similar findings in the current study
with higher incidence of maternal chorioamnionitis, small
for gestational age, packed cell transfusion, and longer days
of mechanical ventilation and hospital stay in the NDI
group, when compared to those variables of non-NDI group
(Table 1).

The attendance rate at the MDAC Clinic (97%) was higher
than the pre-MDAC clinic (81%) but did not reach statistical
significance, probably due to our small sample. Some clinicians
had different comfort levels with giving the diagnosis of high-
risk for CP or CP in our new MDAC program. Acquiring
experience and establishing confidence in administering AIMS
and HINE was at times difficult. For all these reasons, a team-
based system with mutual support was established so that
providers could always discuss and rely on a more advanced
or experienced observer for consultative assistance. A regular
case review once a quarter and workshops twice per year
were held with the clinical experts in neonatal follow-up
and physical medicine and rehabilitation (MJW) for quality
assurance. For diagnosis, if the clinician did not feel comfortable
or assessed that the family was not ready (emotional state, lack
of support system, other parent not present, child acutely ill, or
crying at visit) to receive a diagnosis, parents were counseled
regarding delayed neurodevelopment and reassessment was
arranged within 1-3 months to ensure early communication
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TABLE 4 | Demographic characteristics, main morbidity, and Ages and Stages Questionnaire (v.3) (ASQ-3) scores of infants with neurodevelopmental impairment during

pre-MDAC (2015-2017) and MDAC (2018-2020) epochs.

Variables Pre-MDAC (n = 12) MDAC (n = 12) P

Gestational age (weeks)

Birth weight (grams)

Male gender

Vaginal delivery

Apgar score (5min)

Maternal age (years)

Premature rupture of membrane
Gestational diabetes mellitus
Gestational hypertension

Antenatal steroids

Magnesium sulfate

Chorioamnionitis

SGA (birth weight <10th percentile)
Hospital length of stay (days)
Surfactant therapy (%)

Lowest temperature in 0-12h (°C)
Duration of invasive ventilation (days)
Duration of non-invasive ventilation (days)
Number of packed RBC transfusions
Neonatal sepsis

Bronchopulmonary dysplasia
Intraventricular hemorrhage (>grade3)
Necrotic enterocolitis of newborn (>stage )
Retinopathy of prematurity
Discharged on home oxygen
Discharge weight (grams)

Corrected age of MRI (weeks)
Abnormal brain MRI

Time of NDI and CP diagnosis (months)
ASQ-3 [n (%)]

Corrected age of ASQ-3 (months)
ASQ-3: Gross motor

ASQ-3: Fine motor

ASQ-3: Problem solving

ASQ-3: Personal-social

ASQ-3: Communication

28.0 (24.9-28.3) 27.1 (26.4-28.3) 0.887
880 (680-1,100) 850 (745-1,100) 0.843
6 (50%) 9 (75%) 0.400
7 (58%) 6 (50%) 0.682
8 (7-8) 8 (8-9) 0.128
33+4 34+4 0.389
2 (17%) 5 (42%) 0.371
1 (8%) 2 (17%) 1.000
2 (17%) 1 (8%) 1.000
11 (92%) 11 (92%) 1.000
5 (42%) 8 (67%) 0.219
3 (25%) 5 (42%) 0.667
2 (17%) 2 (17%) 1.000
104 + 43 99 + 31 0.912
8 (67%) 6 (50%) 0.408
36.3 (35.5-36.6) 36.4 (36.3-36.8) 0.198
8 (0-29) 7(0.8-11) 0.799
49 + 15 60 + 29 0.224
4 (2-4) 3(1-4) 0.347
5 (42%) 2 (17%) 0.371
10 (83%) 9 (75%) 1.000
4 (33%) 7 (58%) 0.219
3 (25%) 2 (17%) 1.000
9 (75%) 6 (50%) 0.400
2 (17%) 3 (25%) 1.000
2657 + 382 3141 £ 741 0.045
39 (37-42) 41 (38-42) 0.821
4/10 (40%) 3/12 (25%) 0.652
14 (11-18) 6 (5-12) 0.020
10 (83%) 11 (92%) 1.000
17.0 (11.3-22.5) 13.5 (11.2-17.1) 0.195
292 +19.8 33.8+ 164 0.543
47.5 (20.0-50.0) 45.0 (35.0-57.5) 0.378
30.0 (20.0-50.0) 40.0 (35.0-50.0) 0.242
30.0 (12.5-40.0) 40.0 (25.0-50.0) 0.101
242+ 116 48.8 £ 10.1 <0.001
485 +£10

Hammersmith infant neurological examination score -
Alberta infant motor scale score —

15 (11-19)

SGA, small gestational age; RBC, red blood cell; MRI, magnetic resonance imaging. The bold values were used to indicate significance with P-values <0.05.

of diagnosis, initiate early intervention, and parental support
and counseling.

The guidelines by Novak et al. recommend that all high-risk
infants should have MRI brain, HINE and AIMS performed
at >5 months’ corrected age to allow for the early diagnosis
of CP (12). All infants, who did not have MRI brain at term
corrected age, had at least three cranial ultrasound examinations
during the stay in our NICU. Cranial ultrasound examinations
have been shown to have a similar specificity to MRI for the
diagnosis of CP but are less sensitive at detecting white matter

changes at term (28). Cognitive impairment is significantly
correlated with birth-weight and gestation age (29). Cognitive
impairment is commonly measured using the cognitive scale
or mental developmental index of the Bayley Scales of Infant
Development or cognitive domains of ASQ-3. The American
Academy of Pediatrics recommended the use of a parent-
reported developmental screening tool, the ASQ-3, which had
75% sensitivity and 81% specificity when compared to the Bayley
Scale of Infant Development-II (30). The ASQ-3 was performed
in 92% of infants in this study (Table 3). In this study, low
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cognitive functions were significantly associated with positive
ASQ-3 results in communication, problem solving and personal-
social skills at 14 months corrected age, but not with gross
motor skills. The correlation between communication and gross
motor domains was the lowest, while the correlation between
communication and problem solving was the highest, which
is similar to the domain correlations reported previously by
Agarwal et al. (31). The earliest sign of NDI is most likely
manifested by motor impairment in the first year of life, in
the form of CP or suspected CP, as language developmental
abnormality may not be evident, except for feeding difficulties.
Postnatal under-nutrition and faltering growth are common and
associated with adverse cortical development in the neonatal
period (32) and long-term neurodevelopmental outcomes (33).
In a group of 613 babies born <33 weeks’ gestational age, assessed
at 18 months’ corrected age, Belfort et al. found that every-one z-
score improvement in weight gain and body mass index between
1 week of age and term-corrected age was associated with an
increase in Bayley II mental developmental indices of 2.4 and
1.7 points and psychomotor developmental indices of 2.7 and 2.5
points, respectively (34). Interestingly, we found that significantly
higher body weight at discharge in those infants with NDI during
the MDAC epoch, when compared with that during the pre-
MDAC epoch (Table 4). Further, these infants of the pre-MDAC
epoch had a lower cut-off score of ASQ-Communication (P <
0.001) but not with other domains, which was similar to that in
the study by Belfort et al. (35).

Compared with that during the pre-MDAC epoch, infants
followed up in the MDAC program had CP diagnosed earlier
(mean age 6 months) with mean cut-off of HINE scores of 48.5 &
10 and mean AIMS scores of 15 (11-19) (<10th percentile). The
age at diagnosis of CP in pre-MDAC epoch was 14 (range 11-18)
months, which was similar to that of some low- and middle-
income countries (5-7). The inclusion of a “precision” CP
diagnosis program may contribute to the early diagnosis of CP
during the MDAC epoch. Indeed, the identification of CP can be
challenging in low- and middle-income countries because of the
lack of resources and tools. However, HINE and AIMS are user-
friendly. The AIMS is a unidimensional scale by observing the
spontaneous repertoire of children’s skills. Multilingual (English,
Spanish, and French) versions of the HINE video and forms are
available online at no cost (14), whereas other scales are costly
or have lengthy certifications or proprietary forms. International
guidelines for early detection of CP recommended using HINE,
the most predictive neurological examination for CP, in the first
year of life when the General Movements Assessment cannot be
performed at 3-4 months of age or in countries where MRI is
not available or affordable (11). Our findings and experience may
benefit low- and middle-income countries.

There is evidence that the brain development and refinement
of the motor system continue postnatally, driven by motor
cortex activity (34). Early active movement and interventions are
essential because infants who do not actively use their motor
cortex risk lose cortical connections and dedicated function.
CP-specific early intervention maximizes neuroplasticity and
minimizes deleterious modifications to muscle and bone growth
and development (36). Early diagnosis and early intervention

are important to optimize infant motor and cognitive plasticity,
prevent secondary complications, and enhance caregiver well-
being. In this study, the decrease in age at the diagnosis of CP
could be because of the creation of the MDAC clinic or because of
the incorporation of the HINE and the AIMS (or both). However,
one of the original aims for the creation of the MDAC clinic was
to reduce the rate of loss to follow-up, which was not significant
due to small sample size.

There are several limitations of this study. Firstly, this is a
retrospective study of a small cohort of patients in a single center
that precluded examining the effects of confounding variables.
Secondly, we did not routinely use the General Movements
Assessment prior to discharge from the NICU, which may help
identify infants meeting the “infant-attributable risk® pathway
of the international guidelines (11). Thirdly, we did not have
the gold-standard developmental assessment in this age range,
the Bayley Scale of Infant Development, because the translated
and updated versions of the Bayley Scale of Infant Development
are not available in China for various reasons including but
not limited to logistics, cost, and copyright. Indeed, it is very
challenging to establish an MDAC clinic in low- and middle-
income countries. While it would be better to use these tests,
we used assessment tools (HINE and AIMS) that are free
and user-friendly.

In conclusion, in this pilot observational cohort study of
critically ill preterm neonates with gestation age <29 weeks, a
multidisciplinary “arena assessment” model with HINE, AIMS,
ASQ-3, and MRI brain scan as objective measures is feasible
and effective for an early diagnosis of NDI and CP in China. If
other centers and studies confirm our findings and experience,
early diagnosis of motor impairment may facilitate earlier
identification of NDI in this population, especially in the low-
and middle-income countries. A formal diagnosis of CP or high-
risk of CP is essential for families to access necessary intervention
and support in China.
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Prediction of Retinopathy of
Prematurity Using the WINROP
(Weight, IGF-1, Neonatal Retinopathy
of Prematurity) Algorithm in a South
African Population

Samantha Jane Kesting* and Firdose Lambey Nakwa

Department of Paediatrics, Division of Neonatology, Faculty of Health Sciences, School of Clinical Medicine, Chris Hani
Baragwanath Academic Hospital, University of the Witwatersrand, Johannesburg, South Africa

Aim: This study aimed to assess the efficacy of the WINROP (Weight, IGF-1, Neonatal
Retinopathy of Prematurity) screening algorithm in a South African population.

Methods: A retrospective record review included infants born between 1 January 2013
and 1 December 2014 who underwent ROP (retinopathy of prematurity) screening.
Outcomes of ophthalmology examinations were compared to alarms triggered on
WINROP after gestational age, date of birth, and weekly weights were entered. Sensitivity,
specificity, positive predictive, and negative predictive values and mean time of alarm
were calculated.

Results: Rates of ROP were 5.9% for all stages of ROP and 2.3% for severe ROP in the
220 infants included. Mean gestation age was 29.1 + 1.3 weeks and mean birth weight
1,115.5 £ 201 g. WINROP triggered high-risk alarms in 70.5% of infants at a mean of
30.7 weeks of gestational age. Sensitivity for severe ROP was 100 and 76.9% for all
stages of ROP. Specificity was low for both severe ROP and all stages of ROP at 30.2
and 30.0%, respectively.

Conclusion: Rates of ROP are low in this population. The high number of alarms with
a low negative predictive value would reduce the number of screens by 29.5%. Alarms
were triggered before scheduled screening, possibly helpful in planning discharges and
follow-up visits.

Keywords: IGF-1, retinopathy, prematurity, WINROP, NICU, blindness

INTRODUCTION

Retinopathy of prematurity (ROP) has been found to be the third leading cause of avoidable
blindness worldwide (1). In developing countries where neonatal intensive care is still evolving,
oxygen therapy is often liberally used and inadequately monitored, placing infants at risk of ROP
(2). At the Chris Hani Baragwanath Academic Hospital, Mayet et al. found the mean birth weight
of neonates with ROP to be 1,093.7 g, compared to those without ROP at 1,215.6 g. No severe ROP
was found in infants above 1,250 g. Although ROP was found in 16.3% of infants, disease requiring
treatment was found only in 1.6% (3).
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The South African screening guideline recommends screening
neonates born below 32 weeks of gestation, weighing <1,500 g
at birth or with risk factors such as family history, cardiac
arrest, multiple blood transfusions or exchange transfusions, and
hypoxic ischemic encephalopathy. The examinations are to be
conducted between 31 and 32 weeks of corrected gestational age
or between 4 and 6 weeks of chronological age, whichever is
later (4). At the Chris Hani Baragwanath Academic Hospital,
studies have shown that gestational age is an unreliable factor
to assess risk in our population due to infrequent first-trimester
ultrasound scans and uncertain last menstrual periods. For this
reason, the screening criteria are based on birth weight (3). A
shortage of specialized ophthalmology services and screening
programs resulted in only 19.2% of infants who fulfill the
screening criteria being examined by an ophthalmologist in
South Africa (5).

WINROP is a web-based computer program that works
from a reference model calculated using logistic regression with
expected values from the weights and IGF-1 levels of infants with
no or mild ROP (6). Once the sex, gestational age at birth, and
weekly weights have been entered, risk is indicated as red or green
lamps indicating high or low risks, respectively. The timing of
a high-risk alarm is also indicated in gestational age in weeks.
The final ophthalmology examination is also inserted into the
online database.

WINROP has been validated using retrospective cohort
studies for the prediction of severe ROP in Europe, North
America, South America, and Asia with sensitivities ranging from
84.7 to 100% (6-13). No data have been published regarding the
efficacy of WINROP in an African population.

This study aimed to assess the efficacy of WINROP
as a screening tool in predicting ROP in infants
undergoing ROP screening at the Chris Hani Baragwanath
Academic Hospital.

METHODS

A retrospective review of the records of patients who underwent
ROP screening as per guidelines at the Chris Hani Baragwanath
Academic Hospital was undertaken. Registration for WINROP
was undertaken prior to commencement of the study with
The Sahlgrenska Center for Pediatric Ophthalmology Research,
allowing us access to the online program with a password-
protected login. The study was approved by the University of the
Witwatersrand Human Research Ethics Committee, clearance
number M151123.

Weekly ROP screenings are performed by registrars in
ophthalmology and referred to consultants as required. ROP was
classified according to the International Classification of ROP
(14). The ophthalmology reports of the routine ROP screenings
were reviewed along with the patient records to obtain the
required data. As only the inpatient records were available for
review, only screenings done as an inpatient could be recorded.

Abbreviations: ETROP, Early treatment for retinopathy of prematurity; ROP,
Retinopathy of prematurity; WINROP, Weight, IGF-1, Neonatal Retinopathy
of Prematurity.

Not all patients had completed ROP screening by the time of
discharge, and so the ROP diagnosis at the time of discharge was
used for the study.

The gestational age, date of birth, weekly weights, and final
ophthalmology screening results were entered into the online
WINROP algorithm. Patient identifiers such as names and
hospital numbers were recorded in a separate document to
ensure confidentiality. The ETROP study (15) was the basis for
the categorization in the study such as no ROP, mild ROP, and
severe ROP as done in a previous evaluation of WINROP for
uniformity (6).

Patient records were reviewed for infants born between
1 January 2013 and 31 December 2014 who qualified for
ophthalmology ROP screening. The screening guidelines for
ROP as per the Chris Hani Baragwanath Academic Hospital
guidelines have the following inclusion criteria:

1. All infants with a birth weight of below 1,500 g

2. Infants with a birth weight of 1,500-2,000g who received
mechanical ventilation for more than 7 days

. Infants with a birth weight of 1,500-2,000g who received

supplemental oxygen for more than 2 weeks

Infants with any birth weight who received supplemental

oxygen for more than 6 weeks.

WINROP can be used reliably only for a gestational age at birth of
23 weeks 4+ 0 days to 31 weeks 4 6 days. For this reason, infants
screened by the ophthalmology unit as per the guidelines listed
above, but with a gestation >32 weeks were excluded. Due to the
majority of the gestational ages in our study being calculated by
examination with the New Ballard Score (16), which estimates
gestation to full weeks, those at 32 weeks were included as 31
weeks + 6 days. Neonates that were noted to have conditions
leading to disproportionate weights such as hydrocephalus were
excluded (Figure 1).

The only other published study recording the prevalence of
ROP in this setting was a study by Mayet which was published
in 2006 (3). Using the frequency from this study of 16.3% for
any ROP, a required sample size of 207 was calculated, allowing a
margin for error of 5%, and a total of 220 patients were included.

The outcomes of the ophthalmology clinical examinations
were then compared to the alarms triggered on the system.
Sensitivity and specificity, as well as positive predictive and
negative predictive values, were calculated based on high-
risk alarms and clinical findings of ROP. The mean time of
alarm and average weight gain per week were also calculated.
The average weight gain per week was calculated using the
difference between subsequent average weights per gestational
and chronological age.

RESULTS

The rates of ROP in our population were low for all stages
of ROP at 5.9% and severe ROP at 2.3%. Two patients were
treated with bevacizumab injections by the ophthalmology unit
as inpatients (Table1). A total of 144 (97.3%) were of the
African race.
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385 patient records

Excluded n =165

Hydrocephalusn=4
No ROP screening prior to
discharge n =161

|
|

220 Screened with WINROP

I_'I_I

high risk alarm n = 155 No alarm n =65

Ophthalmology screening .
ROP present n = 10 Ophthalmology screening:

ROP absent n = 145 ROP presentn =3
ROP absent n=62

FIGURE 1 | Flow of participants.
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TABLE 1 | Patient characteristics and rates of ROP.

Number of infants 220
Gestational age mean (weeks) 29.1+1.3
Birth weight mean (grams) 1.115 + 201
Male gender [n (%)] 108 (49.1%)
No ROP [n (%)] 207 (94.1%)
ROP mild [n (%)) 8 (3.6%)
ROP severe [n (%)] 5 (2.3%)
ROP treated as inpatient [n (%)] 2 (0.9%)
TABLE 2 | WINROP performance in predicting ROP.

Severe ROP All ROP
Sensitivity 100% 76.9%
Specificity 30.2% 30.0%
NPV 3.2% 6.5%
PPV 100% 95.4%
Positive likelihood ratio 1.4 1.1

The WINROP program triggered a high-risk alarm in 155
out of 220 infants (70.5%) at a mean of 30.7 &+ 1.3 weeks of
gestational age. Seventeen infants triggered an alarm at birth for
being significantly small for gestational age, although none went
on to develop any ROP (Table 2). All the severe-ROP patients
triggered a high-risk alarm. Compared to the sensitivity for severe
ROP (100%), the sensitivity for all stages of ROP was reduced to
76.9%. With the low specificity, the positive likelihood ratios were
1.1 for all stages of ROP and 1.4 for severe ROP.

DISCUSSION

The rates of ROP in our population were found to be low at 5.9%
for all stages of ROP and 2.3% for severe ROP, when compared
to other populations in the upper-middle-income countries (17).
Despite the neonatal unit having far fewer oxygen blenders and
less stringent oxygen saturation targets at the time, the rates
of ROP were still low compared to other upper-middle-income
countries with all stages of ROP at 16.3% and stage 3 of ROP at
2.5% (3). Another study in South Africa at Kalafong Provincial
Tertiary Hospital by Delport et al. in 1999 (18) analyzed only
the black infants screened and showed rates of 24.5% for all
stages of ROP and 6.4% for stage 3 ROP. Other studies on ROP
in South African populations have not commented on race for
further comparison.

High-risk alarms were triggered by a large proportion of
infants at the Chris Hani Baragwanath Academic Hospital
(70%) considering the low rate of ROP (5.9%), resulting in
a low negative predictive value. As a comparison, in other
countries who have studied WINROP, Mexico had more
alarms at 79.2% but also found severe ROP in 56.3% of
their infants. In this population, ROP was found in larger,
more mature infants. It was also disclosed that gestational

age estimates, antenatal care, and oxygen monitoring were
suboptimal (10).

The sensitivity of WINROP in our study was 100% for severe
ROP but reduced for all stages of ROP at 76.9%. However, the
positive likelihood ratios only indicate a minimal increase in the
likelihood of disease with a high-risk alarm.

The high number of alarms appears to be related to our poor
growth rates postnatally, which deviates from the algorithm used
by WINROP. The average weight gain ranged from 0.66 to 12
g/day, which is far below the 15-17 g/kg/day recommended (19).
Rooming facilities are limited in our setting, and expressed breast
milk is not available in adequate volumes. Our donor breast milk
bank is also limited and only available for a limited time to the
smallest infants.

A study conducted in a multiracial London neonatal unit
showed that black infants had lower levels of IGF-1 when
compared to white patients. Along with the lower IGF-1 levels,
they also had lower absolute postnatal weight gain. Despite these
known risk factors, the black infants still needed less treatment
for ROP than the white infants (20). The rates of severe ROP have
also been found to be lower in infants of African descent in other
studies in the USA, the United Kingdom, and Israel (21-24). This
is suggested to be due to increased melanin, a known superoxide
free radical in the retina. This would suggest that screening
algorithms relying on growth and IGF-1 levels are population
and race dependent, which may account for the differences in the
efficacy of WINROP outside of Sweden, including in our study.

WINROP may assist in predicting those who are at highest
risk of ROP requiring priority screening, although the low
positive likelihood ratio only gives a minimal increase in the
likelihood of disease. With such a high number of alarms,
WINROP would only potentially reduce the numbers for
screening by 30%. The alarm was triggered at a mean of 30.7
weeks of gestational age, which is before the routine screening
by ophthalmology. This could perhaps assist in the planning of
discharges and follow-up visits in infants discharged before the
screening, as frequently happens in our hospital with a discharge
weight of 1,650 g.

Rates of ROP were lower than the previous study in our
population, which would influence the accuracy of the sample
size calculation and therefore the power of the results. This was a
prospective study and included all babies seen by ophthalmology
for screening at birth during the period of July 2001 to December
2003 (3). It is likely that the reduction in the prevalence was
due to the development of more stringent oxygen saturation
protocols in the neonatal unit and the presence of more vital
sign monitors and oxygen blenders than were available in 2003.
These interventions are indeed not always present in a rural
context, and so this would make it difficult to extrapolate to
less-resourced units. In a survey of current oxygen management,
screening criteria, and methods for treating ROP in sub-Saharan
Africa, this unit is in a better-resourced position compared to
the median of 3.5 oxygen measurement devices and 0 oxygen
blenders and maximums of 70 and 50, respectively (25). These
efforts in reducing the risk factors have resulted in a reduction in
the rates of ROP in our population. However, due to resource
constraints, infants below a weight of 1,000 g are not offered
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admission to the neonatal intensive care unit (NICU) and
invasive ventilation, meaning the smallest premature infants are
less likely to survive. The mean birth weights of infants from
highly developed countries with severe ROP ranged from 737
to 763 g compared with from 903 to 1,527 g in less-developed
countries (26).

As a retrospective record review of inpatient files, only the
inpatient ROP screening examinations were captured. The final
diagnosis or stage of ROP may have differed if the infants
were referred or reviewed as outpatients to the ophthalmology
department. With rotation of ophthalmology registrars through
the department, there may be inconsistency in the screening
examination. Gestational ages may be inaccurate as they are
often based on last normal menstrual periods, symphysis pubis
measurements, or postnatal New Ballard Scores performed by
junior staff (16). The gestational age at birth is a critical part of
the WINROP algorithm, influencing results.

CONCLUSION

Rates of ROP are low at the Chris Hani Baragwanath Academic
Hospital. This may be due to the vast majority of patients being
African, which is known to be a protective factor against ROP.

WINROP showed 100% sensitivity but a low specificity and
low negative predictive value secondary to a large proportion of
high-risk alarms. The likelihood of disease was only minimally
increased with a high-risk alarm. It appears that the test would
be of limited benefit in our population. The increased alarms
were due to poor postnatal weight gain that deviated from the
algorithm. The poor growth in our infants is multifactorial and
requires further investigation.

Our study seems to confirm that IGF-1 levels and growth
are population and race dependent, resulting in differences in
the performance of WINROP compared to those in other parts
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Neonatal death represents a major burden in Sub-Saharan Africa (SSA), where the
main conditions triggering mortality, such as prematurity, labor complications, infections,
and respiratory distress syndrome, are frequently worsened by hypothermia, which
dramatically scales up the risk of death. In SSA, the lack of awareness on the procedures
to prevent hypothermia and the shortage of essential infant devices to treat it are
hampering the reduction of neonatal deaths associated to hypothermia. Here, we offer a
snapshot on the current available medical solutions to prevent and treat hypothermia
in SSA, with a focus on Kenya. We aim to provide a picture that underlines the
essential need for infant incubators in SSA. Specifically, given the inappropriateness of the
incubators currently on the market, we point out the need for reinterpretation of research
in the field, calling for technology-based solutions tailored to the SSA context, the need,
and the end-user.

Keywords: Sub-Saharan Africa (SSA), newborn, mortality rate, hypothermia, incubators, low weight at
birth, prematurity

INTRODUCTION

Among the 17 Sustainable Development Goals (SDGs) conceived in 2015 by the 2030 Agenda for
Sustainable Development!, SDG3 deals with ensuring health and promoting well-being for all, at
all ages. In particular, SDG3.2 aims at reducing the mortality rate of children below 5 years of age
(i.e., under-five; 25 deaths per 1,000 live births by 2030), including newborns (i.e., 1-28 days of
age; 12 deaths per 1,000 live births by 2030)2, An overall reduction of the under-five mortality has
been achieved worldwide, especially in high-income countries (HICs), however, low- and middle-
income countries (LIMCs) are still far in the process of meeting the mortality rate defined by
SDG3.2 (1). Of note, in LMIC settings, the COVID-19 outbreak has strongly compromised the
health scenario, therefore, a substantial rise in child deaths is expected in the upcoming years (2).

'https://sdgs.un.org/goals
Zhttps://unstats.un.org/sdgs/report/2020/goal-03/
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Sub-Saharan Africa (SSA)® is the region worldwide
displaying the highest under-five and neonatal mortality
rates (76 and 27 deaths per 1,000 live births in
2019, respectively) (3). SSA accounts for almost half
(~42%) of the global neonatal deaths occurring every
year (3); in fact, of the global 2.45 million newborn
deaths of 2019, roughly 1 million have died in SSA
solely (4).

Prematurity (~35%), asphyxia (~24%), infections (~23%),
and congenital anomalies (~11%) are considered the leading
causes of neonatal mortality (5). In developing countries, and
particularly in SSA, neonatal hypothermia strongly increases
the risk of death (6). Neonatal hypothermia, defined by
the WHO as the neonatal thermal state by which the
body temperature falls below 36.5°C (7), is conventionally,
classified into three main sub-groups: cold stress (36.4-36.0°C),
moderate hypothermia (35.9-32.0°C), and severe hypothermia
(<32.0°C) (7).

Despite almost never considered the cause of death
per se, hypothermia highly increases the risk of neonatal
mortality when concomitant with one of the aforementioned
leading causes of death (6, 8). In SSA, newborns are at
particularly high risk of hypothermia due to a mix of
physiological features (i.e., high incidence of low-weight
at birth and prematurity), cultural beliefs (ie., delayed
breastfeeding/skin-to-skin ~ contact/drying and  wrapping,
late hospital admission, newborn bathing/oil massage right
after birth), and socioeconomic factors (i.e., high prevalence
of home deliveries, absence of skilled care at delivery and
unavailability of medical devices, including for post-delivery
transport, poverty, and out-of-pocket payments for health
services). These factors merge with a critical health care
condition of shortage in essential infrastructures (i.e., neonatal
units and equipment) and a lack of awareness of the risks
associated to hypothermia (i.e., absence of skilled personnel and
insufficient or absent training for hypothermia prevention and
treatment) (9-13).

Moreover, in the resource-depleted settings of SSA, neonatal
death registries are often incomplete and inaccurate, live births
under-reported, causes of death misclassified, and newborn body
temperature often unmeasured (6, 8, 14). It comes with no
surprise, hence, that the epidemiological prevalence of neonatal
hypothermia is difficult to evaluate in these countries, with
estimates ranging from 32 to 85% in hospital-born infants,
and from 11 to 92% for home deliveries (6). Alongside,
the prevalence of hypothermia in SSA hospitals spans from
8% within the first 12h after birth to 85% in the case of
hospital admission (13). In general, such broad intervals reflect
a lack in the knowledge about the incidence and prevalence

3 All countries to the south of the Sahara desert: Angola, Benin, Botswana, Burkina
Faso, Burundi, Cabo Verde, Cameroon, Central African Republic, Chad, Comoros,
Congo, Cote d’Ivoire, Democratic Republic of the Congo, Djibouti, Equatorial
Guinea, Eritrea, Eswatini, Ethiopia, Gabon, Gambia, Ghana, Guinea, Guinea-
Bissau, Kenya, Lesotho, Liberia, Madagascar, Malawi, Mali, Mauritania, Mauritius,
Mozambique, Namibia, Niger, Nigeria, Rwanda, Sao Tome and Principe, Senegal,
Seychelles, Sierra Leone, Somalia, South Africa, South Sudan, Togo, Uganda,
United Republic of Tanzania, Zambia and Zimbabwe.

of hypothermia, both from a clinical and an epidemiological
perspective (6). However, this gap in the knowledge should
not lead to underestimate the burden of hypothermia, which is
indeed a “silent epidemic” (10).

The first set of thermal care guidelines to prevent and
treat hypothermia has been assembled by WHO in 1997
and referred to as the warm chain. The warm chain
consists of 10 essential measures, which are: (i) warm
delivery room, (ii) prompt newborn drying, (iii) skin-to-
skin contact or Kangaroo Mother Care (KMC), (iv) prompt
breastfeeding, (v) postponement of bath and weighing,
(vi) appropriate clothing and bedding, (vii) promotion of
mother-baby contact, (viii) warm transportation, (ix) warm
resuscitation, and (x) awareness and adequate training (7).
Despite these guidelines, neonatal hypothermia remains a
major determinant of infant death in SSA countries. Indeed,
some measures may be insufficient or unpractical in the SSA
context (9-13).

In this article, we present a description of the current
practices and tools to prevent and treat hypothermia,
focusing on the medical devices available on the market.
We also include a snapshot on conceptual and technological
development of infant incubators throughout history. We
focus on the SSA context for a comprehensive summary
of thermal practices and equipment for neonates, with a
particular focus on Kenya. Our aim is to uncover bottlenecks
in technology-based thermal solutions to help reduce
neonatal mortality. We propose a model to reinterpret the
current body of evidence and foster a context- and end
user-informed research in the field of essential technologies
for newborns.

Search Strategy and Selection Criteria

We searched PubMed and MEDLINE for peer-reviewed
articles published in English between 1997 [WHO definition
of neonatal hypothermia, (7)] and 2021. An initial search
(papers identified are {in brackets}) has been conducted
using the following keywords: “newborn AND hypothermia”
{3553}, “neonatal mortality AND hypothermia” {1030},
“neonatal hypothermia AND prevalence” {776}. Afterwards,
inclusion criteria about the relevant context (i.e., “newborn
AND  hypothermia AND developing countries” {85},
“neonatal mortality AND hypothermia AND developing
countries” {52}, “neonatal hypothermia AND prevalence
AND developing countries” {39}, “neonatal hypothermia
AND Sub-Saharan Africa” {109}) and the year of publication
(1997-2021 range selected) have been included. Of these
285 papers identified, the relevant ones have been cited
accordingly. Of note, we have not filtered the search for “infant
incubators AND hypothermia” {91} and “infant warmers
AND hypothermia” {82} for time or context. International
reports from humanitarian organizations (i.e., UN, UNICEF,
and WHO) have been included. Book chapters, demographic
data, market news, and press articles on released technologies
have also been thoroughly searched on the web and included
as footnotes.

Patient and Public Involvement: no patient involved.
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Description of the Nature of the Evidence
Being Addressed and Rationale for the

Proposed Hypothesis and Theory

Newborn Hypothermia: Prevention and Treatment
Clinical neonatal thermal care first relies on prevention
of established hypothermia. Hypothermia prevention mostly
appeals to the maintenance of an appropriate environmental
temperature. In the WHO warm chain document of 1997 (7),
the first recommendation focuses on warm delivery rooms. At
birth, newborns are exposed to an environment at least 10°C
colder than the in-utero (~37.5°C) maternal body temperature.
As such, the WHO recommends a room temperature at delivery
of 26-28°C, in most contexts warmer than the indoor room

temperature range (18-24°C) (15). The second preventive
recommendation in the warm chain addresses prompt drying
and warm wrapping of the newborn to primarily reduce
evaporative heat losses, but also convection, conduction, and
radiation (15). A systematic review has for instance shown that
the use of plastic bags to wrap the newborn right after birth
is associated to less hypothermia and higher temperature at
admission, specifically in the case of low-birth-weight newborns
(16). Of note however, only 4 of the 43 studies analyzed in this
systematic review concerned LMIC settings (16).

The third recommendation focuses on the close warming
contact between the mother and the infant (i.e., skin-to-skin
contact or KMC, alongside breastfeeding). KMC was proposed

v
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1907 _Wellcome_L0005632.jpg. Arrows indicate the air flow.

FIGURE 1 | Section of Tarnier’s Incubator. Retrieved from: https://commons.wikimedia.org/wiki/File:Section_of_Tarnier%27s_incubator;_Budin, _The_Nursling, _
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at first in 1978. It rapidly became an essential component within
the standard newborn care program for infant thermal care and
effective prevention of hypothermia (17). KMC consists in the
uninterrupted skin-to-skin contact between the newborn and
the mother’s or caregiver’s chest. Importantly, KMC application
contributes at least to a 40% reduction in the neonatal mortality
rate (18). KMC is especially recommended for clinically stable
low-birth-weight and premature newborns (19-21). Of note,
KMC has been shown to reduce the mortality of low-birth-
weight newborns by 25% when initiated immediately after
birth (22).

Despite this, however, the implementation of KMC remains
slow in LMICs, mostly because of inadequate and poorly
developed neonatal care units (i.e., lack of KMC-dedicated
spaces, shortage of healthcare workers, beds and chairs, lack of
privacy, cultural aspects, and overcrowding) (19-21).

When preventive measures are not applied or sufficient,
clinical neonatal thermal care relies on treatment of hypothermia.
For that, all WHO recommendations depend on the availability

and good operation of technical devices for re-warming, such as
incubators and radiant warmers (7).

Essential Technologies to Treat

Hypothermia: Incubators and Warmers
Historical Development of Infant Incubators and
Warmers

The first proof of existence of an incubator for premature
newborns goes back to 1722, when the Italian physician Giuseppe
Liceti put together a very rudimental device inspired by the
system Egyptian farmers used to assist chicken eggs to hatch
(23, 24). Almost a century passed before a double-walled metal
incubator was reported in Russia in 1835 by the physician
Johann Georg von Ruehl (25). Despite these two earlier reports,
the French physician Jean-Louis-Paul Denucé is considered the
author of the first infant incubator with his design devised in
1857. Like the von Ruehl’s design, Denucé’s incubator was made
of a double-walled metal tub heated with water. A few years later,

DRAWN DY S. A. H. ROBINSON

FIGURE 2 | “An Artificial Foster Mother: Baby Incubators at the Berlin Exposition”. Display of Lion Incubators in 1896. Retrieved from: The Graphic 1896; 54:461;
https://www.epoch-magazine.com/post/mothers-and-machines-on-the-midway- the- curious- case- <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>