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Study Of Comparative Effects_Of Oral Clonidine Vs |
Diazépam Pre-Medication On The Extent And D ration Of
Sensory Blockade In Patients Undergoing Vag nal

Hysterectomy Under Spinal Anaesthesia.

Internet Journal of Anesthesiology, 2009 by Namrata Toshniwal, Alka Halbe, Hemlatha lyyer

Clonidine stimulates alpha 2 adrenergic inhibitory neurons in medullary vasomotor centre which decreases sympathetic
outflow. Decreased sympathetic nervous system activity is manifested as decreases in systemic blood pressure, heart rate
and cardiac output. Our results show that there was significant difference in the time of onset of anaesthesia, which
coincides with the study done by Herbhej singh, George, Y .Gaines and Paul .F.White, in which they concluded that oral
Clonidine shortened the onset time of tetracaine's sensory block & prolonged the duration of sensory & motor block. There
are more studies, which also show that oral clonidine premedication prolong the sensory as well as motor blockade from
Lignocaine & Tetracaine spinal anaesthesia. The antinociceptive effect produced by the orally administered 2- adrenergic
agonist is mainly caused by direct spinal activation due to spread of the drug via the systemic circulation into the spinal
cord. Neuraxial Clonidine inhibits spinal substance P release and nociceptive neuron firing produced by noxious stimuli.
Clonidine modifies function of K channels in the CNS causing cell membrane hyperpolarization which decreases
anaesthetic requirements.

Keywords: Spinal anesthesia; Clonidine; Analgesia
Introduction

Clonidine stimulates alpha 2 adrenergic inhibitory neurons in medullary vasomotor centre which decreases sympathetic
outflow. Decreased sympathetic nervous system activity is manifested as decreases in systemic blood pressure, heart rate
and cardiac output. Our results show that there was significant difference in the time of onset of anaesthesia, which
coincides with the study done by Herbhej singh, George, Y .Gaines and Paul .F.White, in which they concluded that oral
Clonidine shortened the onset time of tetracaine's sensory block & prolonged the duration of sensory & motor block. There
are more studies, which also show that oral clonidine premedication prolong the sensory as well as motor blockade from
Lignocaine & Tetracaine spinal anaesthesia. The antinociceptive effect produced by the orally administered 2- adrenergic
agonist is mainly caused by direct spinal activation due to spread of the drug via the systemic circulation into the spinal
cord. Neuraxial Clonidine inhibits spinal substance P release and nociceptive neuron firing produced by noxious stimuli.
Clonidine modifies function of K channels in the CNS causing cell membrane hyperpolarization which decreases
anaesthetic requirements.

METHODS

After obtaining approval from institutional ethics committee and written informed consent from all patients, this prospective
and randomized study was carried out in 60 ASA grade | and |l patients scheduled for vaginal hysterectomy in Dept of
Anesthesiology, TNMC and Nair Hospital, Mumbai

All Patients were assessed on the previous day of the surgery and patient satisfying the inclusion criteria were included in
the study.

Procedure, its complications and alternative methods were explained to the patient in his own language and patients
consent was taken.

Criteria for inclusion:
1. Age : 18-60 yrs

2. Weight : 40-70kg

http://www.britannica.com/bps/additionalcontent/18/41575551/Study-Of-Comparative-Eff... 9/14/2010
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3. ASA : Grade | &l

4. Concious Co — operative patient

Criteria for exclusion:

1. Consent not available

2. Age <18 or >60 yrs

3. Weight < 40 or >70 kg

4. ASA grade Ill, IV, & V

5. Any contra — indication to spinal anaesthesia (Absolute or relative)

6. Non — co operative patient

7. Patients who are on antihypertensive or any sedative or on any antipsychotic drugs.

Base line record of puise rate (by cardio scope), Blood pressure (by sphygmomanometer and NIBP)), Spo[sub 2] (by pulse
oximetry) and respiratory rate were taken as Tbase.

In our study groups age and also physical parameters like weight and height were comparable among the two groups.
There was no significant difference in preoperative parameters like pulse rate, respiratory rate and mean arterial pressure
between the two groups.

The patients were randomly divided in two groups- Group C & Group D of 30 each. Patient in Group C received Clonidine 4
-5mcg/kg oral premedication and patients in Group D received Diazepam 0.20-0.25mg/kg oral premedication 90 minutes
before spinal anaesthesia.

Blinding was done by packing the three tablets of 100mcg each of clonidine and three tablets of 5mg each of Diazepam in
silver foil, subsequently the packets were placed in small plastic pouches and were numbered randomly as per computer

generated number. Person dispensed the drug and person observed did not know the content of the packet. Decoding of

packets was done at the end of the study.

After preloading, under all aseptic precautions with patient in sitting position, spinal anaesthesia was given with 23 G
Quincke needle in L3-4 interspace with 2.5 cc of 0.5 % Bupivacaine and 25mcg Fentanyl. Patient was made to sit for 2
minutes after subarachnoid block and then made supine. Onset, duration, height of sensory block, time taken to reach
highest level, and the time taken for two segment regression, time taken for four segment regression and the time when
patient asks for analgesia were monitored and noted sensory blocked were evaluated by pinprick sensation.

Onset of anaesthesia was considered as appearance of analgesia at L1.
Duration of analgesia was considered as the time between onset and the time when patient asked for analgesia.

After operation patient were observed till sensory level weaned upto L1 and patient remained in the Gynaec recovery till
patient received first dose of analgesia and that time was noted.

Results

The mean age in Group C was 50.93 years with standard deviation of 5.343 years and that in Group D was 50.93 years
with standard deviation of 4.877 years. The groups were comparable according to age, weight and height.

Mean arterial pressure (MAP) was significantly lower in Group C as compared to Group D. Similar trends in falling Mean
and Diastolic blood pressure are seen as with systolic blood pressure and the results were significant with lower blood
pressure with Clonidine as compared to Diazepam.

http://www.britannica.com/bps/additionalcontent/18/41575551/Study-Of-Comparative-Eff... 9/14/2010
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According to above Table no 3, there was significant difference in time for onset of anaesthesia for Groups C and D. The
mean time for onset of anaesthesia for Group C was 6.73 min with standard deviation of 2.392min and that for Group D
was 8.50 min with standard deviation of 2.432 min. (p value 0.006). Our results demonstrate that there was significant
difference in time for onset of anaesthesia for Groups C & D.

There was also a significant difference in time taken to reach highest sensory level in Group C and D. The mean time taken
to reach highest level for Group C was 18.97min with standard deviation of 6.239min and that for Group D was 24.40 min
with standard deviation of 6.026min. (p value 0.001).

The mean time taken for two segment regressions in Group C was 103.87 min with standard deviation of 12.754 min and
that with Group D was 90.53 mins with standard deviation of 17.419 min. (p value 0.001)

The mean time taken for four segment regressions in Group C was 140.67 min with standard deviation of 27.753 min and
that with Group D was 122.83 min with standard deviation of 24.589 min. (p value 0.001)

The mean time when patient asks for analgesia in Group C was 286.67 with standard deviation of 79.017min and that with
Group D was 114.30 min with standard deviation of 15.234 min.The difference was significant. ( p value 0.001)

The time for surgery with Group C was95.00 with standard deviation of 6.823 min and that for Group D was 96.17 min with
standard deviation of 7.391. The difference was non-significicant. (p value 0.528)

Discussion

Clonidine is rapidly absorbed after oral administration. Peak plasma concentration is rapidly achieved in 60-90 mins is
highly lipid soluble, easily crosses blood -brain barrier and therefore may interact with alpha -adrenergic receptors at spinal
and supraspinal sites within the central nervous system.In addition previous studies suggest that clonidine may also affect
peripheral sensory nerves as a sole agent or in combination with local anaesthetics.

Clonidine has been demonstrated to inhibit neurotransmission in both A-delta and C nerve fiber which are theorized to
mediate pin-prick, surgical pain. Finally Clonidine has been demonstrated to potentiate inhibitory effects of local
anaesthetics on C fiber activity. Therefore Clonidine may exert its effects within the central nervous system at peripheral
nerve roots by potentiation of effects of local anaesthetics.

We have compared our results with previous study which also showed the same results.[1][2][3][4][5][6]. The primary
mechanism of Clonidine analgesia is via a non -opoid spinal action on central alpha 2 adrenergic receptor in the dorsal horn
of spinal cord.

The analgesic an effect of clonidine is mediated by the same central alpha2 adrenoreceptors that mediated its hypotensive
effects. Clonidine added to local anaesthetics enhances the effects of local anaesthetics on C fiber action potentials.

We have also studies showing that prolongation of sensory anaesthesia when clonidine and fentanyl was combined was
solely due to clonidine[1].

Our results showed that premedication with 4-5gm/ kg oral clonidine premedication prolongs the duration of sensory
blockade by Bupivacaine and Fentanyl spinal anaesthesia as compared to that of 0.20-0.25mg/kg Diazepam oral
premedication, and this results agree with the study done in 1992, by Kouechi Ota, Akiyoshi Namiki, Yoshihito Ujike & lkuko
Takahashi 3 . They concluded that prolongation of tetracaine sensory analgesia may be produced by premedication with
oral clonidine premedication may have a distinct advantage because of its capacity to prolong sensory blockade & its
potent sedating properties.

We added fentanyl to bupivacaine to determine its effect on anesthesia quality, and sensory block. The administration of
intrathecal opioids may provide benefits in augmenting sensory level, but also carries a risk of respiratory depression but
we had taken care of it by watching respiratory rate and saturation.
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Our results showed that there was significant difference in the time of onset of anaesthesia, which coincides with the study
done by Herbhej singh, George, Y .Gaines and Paul .F. White[1], in which they concluded that oral clonidine shortened the
onset time of tetracaine's sensory block & prolonged the duration of sensory & motor block.

There are more studies, which also show that oral clonidine premedication prolong the sensory as well as motor blockade
from Lignocaine & Tetracaine spinal anaesthesia. The antinociceptive effect produced by the orally administered 2-
adrenergic agonist is mainly caused by direct spinal activation due to spread of the drug via the systemic circulation into the
spinal cord. Neuraxial Clonidine inhibits spinal substance P release and nociceptive neuron firing produced by noxious
stimuli. Clonidine modifies function of K channels in the CNS causing cell membrane hyperpolarization which decreases
anaesthetic requirements.

The dose of clonidine (4-5gm/ kg) & time Interval (90min before spinal anaesthesia) were decided according to previous
studies regarding safety of clonidine premedication in elderly & dose response studies of oral clonidine for tetracaine spinal
anaesthesia.

Thus in the end as per results from our comparative study of effect of oral clonidine versus oral diazepam premedication on
sensory blockade by intrathecal bupivacaine 0.5%(2.5ml) and fentanyl 25mcg, showed that clonidine hastens the onset of
action, and reduces the time taken to reach highest sensory level.Clonidine also prolongs the total duration of sensory
block by increasing the time for 2 and 4 segment sensory regression, also there was significant extension of analgesia.

Although few incidences of hypotension, bradycardia, nausea, vomiting and pruritus (Diazepam) were noted with both the
groups, the difference was not statistically significant.

Endnotes
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Pazopanib Plus Lapatinib Compared To Lapatinib Alone In Subjects With
Inflammatory Breast Cancer

This study is currently recruiting participants.
Verified by GlaxoSmithKline, July 2010

First Received: November 9, 2007 Last Updated: July 8, 2010 History of Changes

Sponsor: | GlaxoSmithKline

Information provided by: | GlaxoSmithKline

ClinicalTrials.gov Identifier: | NCT00558103

B> Purpose

The double blind part of the study is being conducted to compare the efficacy and safety of pazopanib in
combination with lapatinib with that of lapatinib alone in subjects with inflammatory breast cancer whose
tumors overexpress the ErbB2 protein. There is also an Open-label pazopanib arm to this study designed to
test whether pazopanib given alone and lapatinib given alone would be safe and effective to treat patients
with inflammatory breast cancer.

Condition Intervention Phase

Inflammatory Breast Cancer Drug: lapatinib (Tykerb) Phase IlI
Drug: pazopanib (GW786034)
Drug: Pazopanib

Study Type: Interventional

Study Design: Allocation: Randomized
Endpoint Classification: Safety/Efficacy Study
Intervention Model: Parallel Assignment
Masking: Double Blind (Subject, Investigator)
Primary Purpose: Treatment

Official Title: A Randomized, Multicenter, Phase |1l Study Comparing the Combination of Pazopanib and

Lapatinib Versus Lapatinib Monotherapy in Patients With ErbB2 Over-expressing
Inflammatory Breast Cancer

Resource links provided by NLM:

Genetics Home Reference related topics: breast cancer

MedlinePlus related topics: Breast Cancer Cancer

Drug Information available for: Lapatinib Lapatinib Ditosylate Pazopanib

U.S. FDA Resources

Further study details as provided by GlaxoSmithKline:

http://clinicaltrials.gov/ct2/show/NCT00558103 9/14/2010
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Primary Outcome Measures:
» Progression-free survival at anytime. [ Time Frame: on going ]

Secondary Outcome Measures:

» Overall Response Rate (ORR)Overall survival (OS)Safety and tolerabilityHealth Status
Assessments [ Time Frame: on going ]

Estimated Enrollment: 360

Study Start Date: December 2007

Estimated Study Completion Date: June 2012

Estimated Primary Completion Date: June 2012 (Final data collection date for primary
outcome measure)

Arms Assignfad
Interventions
arm 1: Active Comparator Drug: lapatinib
(Tykerb)
comparator
Drug: pazopanib
(GW786034)
comparator
Pazopanib Open-label: Active Comparator Drug: Pazopanib
Pazopanib alone arm incorporated into study VEG108838 Pazopanib
(lapatinib + pazopanib vs. lapatinib monotherapy in patients monotherapy
with recurrent Her2+ IBC).

B Eligibility

Ages Eligible for Study: 18 Years and older
Genders Eligible for Study: Female
Accepts Healthy Volunteers:  No

Criteria
Inclusion criteria:

Specific information regarding warnings, precautions, contraindications, adverse events, and other
pertinent information on the investigational product that may impact patient eligibility is provided in
the pazopanib IB and lapatinib prescribing information (or the lapatinib 1B).

For Cohort 1 of this study, eligible patients met inclusion criteria outlined in the original version of
the protocol and protocol amendment 1.

For Cohort 2 of this study, eligible patients must meet all of the following criteria:

+ Patients must have evaluable Inflammatory Breast Cancer (IBC) substantiated by all of the
following prior to randomization:

« History of invasive breast cancer documented by a biopsy and accompanying pathology
report

Current photographs* (global view and close-up views of all skin lesions) submitted at
screening demonstrating unequivocal evidence of IBC as determined by either the medical
monitor alone or in consulation with one or more of the study Principal Investigators.

All patients must have photography at screening. Canfield Scientific Inc. will provide
centralized monitoring, tracking, and collection of patients' photographs throughout the
study. Screening photographs must be uploaded to the Canfield Scientific Inc website and
approved by Canfield Scientific Inc, as the central photography vendor. The photographs,
along with the completed Inflammatory Breast Cancer Skin Assessment Too! (IBSAT), must
be reviewed and approved by GSK before a patient can be randomized. Sites should allow a

http://clinicaltrials.gov/ct2/show/NCT00558103
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minimum of 3 business days for this process. Sites submitting quality photographs and
IBSATs on a regular basis will receive an exemption from this requirement for future
patients.

Patients with secondary IBC are eligible.

Measurable lesions (cutaneous or radiographic) may be in the field of prior standard or
palliative radiation therapy; however, there must be at least a 4 week period between the last
radiation treatment and the baseline scan documenting disease status for the lesion to be
measurable. If the irradiated lesion is the only site of disease, documented progression of
the irradiated lesion is required.

Disease progression or relapse following treatment for invasive breast cancer, which must
have included a chemotherapy regimen. In regions where trastuzumab is available with no
barriers to access®, patients must have received prior trastuzumab in addition to
chemotherapy in order to be eligible. * (Barriers to access may include financial
considerations.)

Unequivocal ErbB2 overexpressing breast cancer, defined as 3+ staining by
immunohistochemistry (IHC), or 2+ staining by IHC in conjunction with ErbB2 gene
amplification by FISH/CISH, or ErbB2 gene amplification by FISH/CISH alone (in subjects
whose tumor blocks were not assessed by IHC). ErbB2 gene amplification is defined by: >
six (6) ErbB2 gene copies/nucleus for test systems without an internal control probe or an
ErbB2/CEP 17 ratio of more than 2.2.

Sites must submit a copy of the laboratory report demonstrating unequivocal ErbB2

overexpression, if testing performed at a local laboratory, with the screening worksheet. Archived
tumor must be provided for all patients for ErbB2 FISH testing by the central laboratory. Patients

will remain on study based on local ErbB2 expression results. If archived tumor is not available, a
biopsy must be obtained at screening and sent to TMD Laboratoraties for ErbB2 FISH testing.

- Patients must provide written informed consent prior to performance of study-specific procedures
or assessments, and must be willing to comply with treatment and follow up. Procedures conducted
as part of the patient's routine clinical management (e.g., blood count, imaging study) and obtained

prior to signing of informed consent may be utilized for screening or baseline purposes provided
these procedures are conducted as specified in the protocol.

Note: Informed consent may be obtained prior to the protocol-specified screening window (i.e. Day

-14 to Day -1).
» Females age = 18 years, except in Tunisia. In Tunisia, patients must be = 20 years to be
eligible for this study.
+ Adequate organ function as defined below:
+ System (Laboratory Values)

+ Hematologic:Absolute neutrophil count (ANC)(z 1.5 X 10*9/L)Hemoglobin1(29 g/dL)Platelets

(2100 X 1079/L)International normalized ratio (INR)(< 1.2 X upper limit of normal (ULN))
Partial thromboplastin time (PTT)(£1.2 X ULN)

» Hepatic:Total bilirubin2 (< 1.5 X upper limit of normal (ULN))AST and ALT(< 2.5 X ULN)
 Renal:Serum Creatinine (< 1.5 mg/dL)Or, if serum creatinine >1.5 mg/dL,

+ Calculated creatinine clearance(250 mL/min)

¢ Urine Protein to Creatinine Ratio(<1)

« Patients may not have had a transfusion within 7 days of screening assessment.

« Exception: Patients with elevated bilirubin levels due to Gilberts syndrome are eligible.
« Cardiac ejection fraction within the institutional range of normal as measured by

echocardiogram. MUGA scans will be accepted in cases where an echocardiogram cannot
be performed or is inconclusive or where MUGA scans are the accepted standard. Patients
with known history of uncontrolled or symptomatic angina, arrhythmias, or congestive heart
failure are not eligible.

Eastern Cooperative Oncology Group (ECOG) performance status of 0-2.
A female is eligible to enter and participate in this study if she is of:

Non-childbearing potential (i.e., physiologically incapable of becoming pregnant), including any
female who has had:

A hysterectomy
A bilateral oophorectomy (ovariectomy)

http://clinicaltrials.gov/ct2/show/NCT00558103 9/14/2010
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+ A bilateral tubal ligation
* |Is post-menopausal

+ Patients not using hormone replacement therapy (HRT) must have experienced total
cessation of menses for 2 1 year and be greater than 45 years in age, OR, in questionable
cases, have a follicle stimulating hormone (FSH) value >40 mIU/mL and an estradiol value <
40pg/mL (<140 pmol/L).

Patients must discontinue HRT prior to study enroliment due to the potential for inhibition of CYP
enzymes that metabolize estrogens and progestins (See Section 8). For most forms of HRT, at
least 2-4 weeks must elapse between the cessation of HRT and determination of menopausal
status; length of this interval depends on the type and dosage of HRT. If a female patient is
determined not to be post-menopausal, they must use adequate contraception, as defined
immediately below.

Childbearing potential, including any female who has had a negative serum pregnancy test within 2
weeks prior to the first dose of study treatment, preferably as close to the first dose as possible, has
used adequate contraception since the pregnancy test and agrees to use adequate contraception
as described below. GSK acceptable contraceptive methods, when used consistently and in
accordance with both the product label and the instructions of the physician, are as follow:

+ An intrauterine device with a documented failure rate of less than 1% per year.

+ Vasectomized partner who is sterile prior to the female patient’s entry and is the sole sexual
partner for that female.

« Complete abstinence from sexual intercourse for 14 days before exposure to investigational
product, through the dosing period, and for at least 21 days after the last dose of
investigational product.

« Double-barrier contraception (condom with spermicidal jelly, foam suppository, or film;
diaphragm with spermicide; or male condom and diaphragm with spermicide).

Note: Oral contraceptives are not reliable due to potential drug drug interactions.

Female patients who are lactating should discontinue nursing prior to the first dose of
investigational product and should refrain from nursing throughout the treatment period and for 14
days following the last dose of investigational product.

- French patients: In France, a patient will be eligible for inclusion in this study only if either affiliated
to or a beneficiary of a social security category.

Exclusion Criteria:

» Patients meeting any of the following criteria must not be enrolled in the study:

» Treatment in the 14 days prior to randomization with any cancer therapy (tumor
embolization, chemotherapy, immunotherapy, biological therapy, or hormonal therapy) or
treatment with mitomycin within 6 weeks prior to randomization. Such treatment may not be
resumed or begun after study entry. Note: Patients receiving LH-RH analogue therapy prior
to the study may continue to receive LH-RH analogues for the duration of study participation.
Bisphosphonates are permitted if started prior to Day 1.

» Any ongoing toxicity from prior anti-cancer therapy that is >Grade 1 and/or that is
progressing in severity (with the exception of alopecia).

« Prior lapatinib therapy or other Her2/ErbB2 targeted therapy (except trastuzumab).
« Prior therapy with an anti-VEGF antibody or other VEGF/VEGF-R targeted therapy.

» Use of an investigational agent, including an investigational anti-cancer agent, within 28
days or 5 half-lives, whichever is longer, prior to the first dose of investigational product.

+ Use of any prohibited medication within the timeframes listed in Section 8.1.3
 History of another malignancy.

« Note: Subjects who have had another malignancy and have been disease-free for 5 years,
or subjects with a history of completely resected non-melanomatous skin carcinoma or
successfully treated in situ carcinoma are eligible. If subject previously had breast cancer, it
must have been HER2+ with either 3+ overexpression by IHC or unequivocal HER2 gene
amplification by FISH or CISH.

« History or clinical evidence of central nervous system (CNS) metastases or leptomeningeal
carcinomatosis, except for individuals who have previously-treated CNS metastases, are
asymptomatic, and have had no requirement for steroids or anti-seizure medication for 2

http://clinicaltrials.gov/ct2/show/NCT00558103 9/14/2010
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months prior to first dose of study drug. Screening with CNS imaging studies (computed
tomography [CT] or magnetic resonance imaging [MRI]) is required only if clinically indicated
or if the subject has a history of CNS metastases.

Clinically significant gastrointestinal abnormalities that may increase the risk for Gl bleeding
including, but not limited to:

Active peptic ulcer disease

Known intraluminal metastatic lesion/s with suspected bleeding

Inflammatory bowel disease

Ulcerative colitis, or other gastrointestinal conditions with increased risk of perforation

History of abdominal fistula, gastrointestinal perforation, or intra abdominal abscess within
28 days prior to beginning study treatment.

Clinically significant gastrointestinal abnormailities that may affect absorption of
investigational product including, but limited to:

Malabsorption syndrome

Major resection of the stomach or small bowel.

Presence of uncontrolled infection.

Prolongation of corrected QT interval (QTc) > 480 msecs.

History of any one or more of the following cardiovascular conditions within the past 6
months:

Cardiac angioplasty or stenting
Myocardial infarction

Unstable angina

Arterial thrombosis

Symptomatic peripheral vascular disease

Class lll or IV congestive heart failure, as defined by the New York Heart Association
(NYHA) (see Section 15.9 Appendix 9 for description).

Poorly controlled hypertension [defined as systolic blood pressure (SBP) of 2140mmHg or
diastolic blood pressure (DBP) of 2 90mmHg].

Note: Initiation or adjustment of antihypertensive medication(s) is permitted during the screening
period, in order to control a patient's BP prior to randomization. Blood pressure must be re-
assessed on two occasions that are separated by a minimum of 1 hour. The mean SBP / DBP
values from each blood pressure assessment must be < 140/90mmHg in order for a patient to be
eligible for the study. See Section 6.2 and Section 6.4.2 for details on blood pressure control and
reassessment prior to study enroliment.

History of cerebrovascular accident, including TIA, pulmonary embolism or deep venous
thrombosis (DVT).

Prior major surgery or trauma within 28 days prior to first dose of investigational product
and/or presence of any non-healing wound, fracture, or ulcer (other than ulcers due to
inflammatory breast cancer).

Evidence of active bleeding or bleeding diathesis.
Hemoptysis within 6 weeks prior to first dose of investigational product.
Known endobronchial lesions or involvement of large pulmonary vessels by tumor.

Any serious and/or unstable pre-existing medical, psychiatric, or other condition that could
interfere with patient's safety, provision of informed consent, or compliance to study
procedures.

Known immediate or delayed hypersensitivity reaction or idiosyncrasy to drugs chemically
related to pazopanib or lapatinib.

Have current active hepatic or biliary disease (with exception of patients with Gilbert's

syndrome, asymptomatic gallstones, liver metastases or stable chronic liver disease per
investigator assessment).

B> Contacts and Locations

Please refer to this study by its ClinicalTrials.gov identifier: NCT00558103

http://clinicaltrials.gov/ct2/show/NCT00558103

Page 5 of 6
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Contacts
Contact: US GSK Clinical Trials Call Center 877-379-3718

e Show 132 Study Locations

Sponsors and Collaborators
GlaxoSmithKline

Investigators
Study Director: GSK Clinical Trials GlaxoSmithKline

B> More Information

No publications provided

Responsible Party: GSK ( Study Director )
ClinicalTrials.gov Identifier: NCT00558103 History of Changes
Other Study ID Numbers:  VEG108838

Study First Received: November 9, 2007

Last Updated: July 8, 2010

Health Authority: United States: Food and Drug Administration

Keywords provided by GlaxoSmithKline:
Tykerb Cutaneous Disease
Her2 RECIST
ErbB2 Inflammatory
GW786034 Breast Cancer
GW572016 Pazopanib
Skin Lapatinib

Additional relevant MeSH terms:
Breast Neoplasms Protein Kinase Inhibitors
Neoplasms by Site Enzyme Inhibitors
Neoplasms Molecular Mechanisms of Pharmacological
Breast Diseases Action
Skin Diseases Pharmacologic Actions
Lapatinib Antineoplastic Agents

Therapeutic Uses

ClinicalTrials.gov processed this record on September 09, 2010

Contact Help Desk
Lister Hill National Center for Biomedical Communications, U.S. National Library of Medicine,
U.S. National Institutes of Health, U.S. Department of Health & Human Services,
USA.gov, Copyright, Privacy, Accessibility, Freedom of Information Act
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http://clinicaltrials.gov/ct2/show/NCT00558103 9/14/2010
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Dronedarone is less effective, but safer than amiodarone in
atrial fibrillation

27 October 2009,

An indirect comparison meta-analysis found that dronedarone was significantly less effective
than amiodarone in preventing recurrence of AF, but was associated with fewer side effects
requiring discontinuation. It was predicted that for every 100 people treated for one year for AF
with dronedarone rather than amiodarone, there would be 23 more recurrences of AF and 6
fewer adverse events requiring discontinuation.

Level of evidence
Level 2 (limited quality, patient-orientated evidence) according to the SORT criteria

Action

Dronedarone may be launched in the UK by the end of 2009. It is likely to be_indicated in clinically
stable adult patients with history of, or current non-permanent atrial fibrillation (AF) to prevent
recurrence of AF or to lower ventricular rate. Contraindications, special warnings, and monitoring
requirements (as will be described in the summary of product characteristics [SPC]) are not yet
published.

The exact place in therapy of dronedarone is uncertain. Until NICE guidance on dronedarone is
published (due June 2010) prescribers should continue to follow the existing NICE guideline for the
management of AF. Dronedarone could be considered as an option, within its licensed indications,
by specialists for those patients for whom amiodarone is indicated, but not appropriate, e.g. if there
are intolerable adverse effects. Clinicians will need to balance whether the use of dronedarone — a
less efficacious but possibly safer antiarrhythmic drug than amiodarone — is justified for their
patients with AF. For patients who are already receiving and tolerating amiodarone and have not
developed unacceptable side effects, there would appear to be no good reason to switch to
dronedarone.

Dronedarone is likely to be significantly more expensive than currently used anti—arrhythmic drugs.
which are mainly available generically. Local decision making bodies on medicines are advised to
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engage with stakeholders and agree a protocol for use when dronedarone is launched. This includes
identifying those patients for whom the drug may be appropriate and planning for possible NICE
guidance. It is important that steps are taken to inform prescribers of any contraindications and
precautions, to ensure that dronedarone is used appropriately.

What is the background to this?

On 24 September 2009, the EMEA Committee for Medicinal Products for Human Use (CHMP)
adopted a positive opinion for dronedarone (Multaq®). It recommended granting a marketing
authorisation for adult clinically stable patients with history of, or current non-permanent AF, to
prevent recurrence of AF or to lower ventricular rate. A key study considered in providing this
opinion was the ATHENA trial, which we have reviewed in a previous blog. In the ATHENA trial of
4,628 patients with AF or flutter, dronedarone was more effective than placebo (mean follow-up of 21
months) in reducing cardiovascular (CV) hospital admissions or death from any cause (31.9% vs.
39.4%; hazard ratio 0.76, 95% confidence interval (CI) 0.69 to 0.84, P<0.001), as well as other trials.

Because of the limited information available from studies that directly compare the efficacy and
safety of dronedarone with amiodarone, Piccini and colleagues carried out a systematic review and
indirect comparison meta-analysis using data from placebo-controlled trials of the two drugs in over
6000 people with AF.

Further information about AF can be found on the cardiovascular floor of NPCi. Dronedarone has
been reviewed in an On the Horizon bulletin. Dronedarone is part of the 19th wave of technology
appraisals from NICE, but a NICE clinical guideline on the management of AF is already available.

What does this study claim?
The study claims that dronedarone is less effective than amiodarone for the maintenance of sinus
rhythm, but has fewer side effects.

The meta-analysis identified a statistically significant estimated reduction in recurrent AF with
amiodarone versus placebo (odds ratio [OR] 0.12; 95%CI 0.08 to 0.19) but not for dronedarone versus
placebo (OR 0.79; 95% C1 0.33 to 1.87). Using a logistic regression model incorporating all trial
evidence, amiodarone was found to be superior to dronedarone (OR 0.49; 95% CI 0.37 to 0.63;
P<0.001) for the prevention of recurrent AF, but was more likely to result in adverse events requiring
drug discontinuation (OR 1.81; 95% CI 1.33 to 2.46; P<0.001).

The authors also suggest a ‘trend’ for reduced mortality in favour of dronedarone, although no
statistically significant difference between treatments was identified (P=0.066).

How does this relate to other studies?

These results are consistent with the results of the DIONYSOS trial that directly compared
dronedarone with amiodarone for the maintenance of sinus rhythm. However, results of DIONYSOS
are only reported in a press release and are yet to be published in a peer-reviewed journal.
DIONYSOS was a study of 504 patients with AF (mean follow-up 7 months). Dronedarone was less
effective than amiodarone in preventing AF recurrence, or withdrawal due to intolerance or lack of
efficacy (74% vs. 55%. P<0.001). Fewer thyroid and neurological events were reported in the
dronedarone patients, but there were more reports of diarrhoea, vomiting and nausea. Amiodarone
caused more bradycardia and QT prolongation. No cases of Torsade de Pointes were reported.

So what?

The present study found that dronedarone was significantly less effective in preventing recurrence of
AF, but was associated with fewer side effects leading to discontinuation than with amiodarone. The
indirect meta-analytical approach used in this study has many limitations (see accompanying
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Editorial) and the findings of this study can only be considered hypothesis generating and require
confirmation from direct comparisons in adequately powered trials. Nevertheless, the reduction in
efficacy and reduction in adverse effects seen in this study are consistent with the preliminary results
from DIONYSOS.

Although the ATHENA study identified a significant benefit for preventing hospitalisation for CV
events or death for dronedarone over placebo, no benefit over amiodarone has yet been demonstrated
in this regard. Whether or not dronedarone offers any particular advantage over amiodarone for an
individual with AF will require a value judgement of whether likely benefits from reduced side effects
outweigh the disadvantage of a shorter time to recurrence of AF. At present there is no good quality
clinical evidence from comparative studies measuring important patient-oriented outcomes (e.g.
quality of life) demonstrating whether or not dronedarone offers any net clinical benefit over
amiodarone at a population level.

NICE guidelines on the management of atrial fibrillation detail those situations where amiodarone
might be considered. However, there are many other approaches that should be considered before, or
as alternatives to, the use of amiodarone.

Full prescribing details (including dosage, contraindications, drug and food interactions, and
monitoring requirements) for dronedarone have yet to be published. As discussed in a previous blog
of the ATHENA trial, it may be advisable not to initiate therapy with dronedarone in patients with
severe heart failure and left ventricular dysfunction.

Dronedarone is already licensed for use in the US. Contraindications in the US include patients with
severe heart failure or those with NYHA 2 or 3 heart failure with a recent decompensation requiring
hospitalisation or referral to a specialised heart failure clinic. Increases in serum creatinine have
occurred in clinical trials with dronedarone, and there are potentially important drug interactions to
consider (e.g. with strong CYP3A inhibitors such as voriconazole, and with drugs that prolong the QT
interval, which might increase the risk of Torsade de Pointes). It is important that steps are taken to
inform prescribers of any contraindications and precautions, to ensure that dronedarone is used and
monitored appropriately.

Study details

Piccini JP. Hasselblad V. Peterson ED. et al. Comparative efficacy of dronedarone and amiodarone
for the maintenance of sinus rhythm in patients with atrial fibrillation. J Am Coll Cardiol
2009:54:1089-95

Design: Systematic review and indirect comparison meta-analysis of RCTs of amiodarone (4 studies)
and dronedarone (4 studies) versus placebo for the prevention of AF.

Patients: The dronedarone and amiodarone trials included 5,967 and 669 patients respectively. The
mean age across all trials was 65 years. Studies of subjects age <18 years and subjects with acute
cardioversion, catheter ablation, and post-operative AF were excluded. In all 4 dronedarone trials,
patients with permanent AF were excluded. Additional exclusion criteria included advanced
symptomatic heart failure, a corrected QT interval >500ms, and bradycardia with a heart rate <50
beats/min. In contrast to the dronedarone trials, the amiodarone trials predominantly included patients
with persistent and permanent AF.

Interventions: Dronedarone or amiodarone versus placebo. All trials had a follow up of at least 6
months (means of 13 and 16 months, respectively).

Ex. 2007-0416



Comparison: The effect of amiodarone versus dronedarone was summarised by the use of indirect
comparison meta-analysis and normal logistic meta-regression models.

Outcomes and Results:

There was a significant estimated reduction in recurrent AF with amiodarone versus placebo (OR
0.12;95%CI 0.08 to 0.19) but not dronedarone versus placebo (OR 0.79; 95%CI 0.33 to 1.87). A
normal logistic regression model incorporating all trial evidence found amiodarone superior to
dronedarone (OR 0.49; 95%CI 0.37 to 0.63; P<0.001) for the prevention of recurrent AF. There was
no statistically significant difference between amiodarone and dronedarone identified with regard to
all-cause mortality (OR 1.61; 95% CI 0.97 to 2.68; P=0.066). More patients discontinued treatment
because of adverse effects with amiodarone than with dronedarone (OR 1.81; 95%CI 1.33 to 2.46;
P<0.001). For every 1,000 patients treated with dronedarone instead of amiodarone, it was estimated
that there would be approximately 228 more recurrences of AF in exchange for 62 fewer adverse
events requiring discontinuation of drug.

Sponsorship: The lead author is supported by an American College of Cardiology Foundation/Merck
award.

Feedback
Please comment on this blog in the NPCi discussion rooms, or using our feedback form.

Make sure you are signed up to MyNPC — the free email alerting system that keeps you up to date
with the NPC news and outputs relevant to you.

This entry was posted on Monday, November 9th, 2009 at 12:50 pm and is filed under Cardiovascular disease, New
Medicines. You can follow any responses to this entry through the RSS 2.0 feed. Responses are currently closed, but you
can trackback from your own site.

Comments are closed.
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Contraindication: A condition which makes a particular treatment or procedure
inadvisable. A contraindication may be absolute or relative.
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A relative contraindication is a condition which makes a particular treatment or
procedure somewhat inadvisable but does not rule it out. For example, X-rays in
pregnancy are relatively contraindicated (because of concern for the developing
fetus) unless the X-rays are absolutely necessary.

A contraindication is literally contra- (against) an indication, against something that is
indicated as advisable or necessary.
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Eugene Braunwald

HEART FAILURE

eart failure is the pathophysiologic state in which an abnormality of
ardiac function is responsible for the failure of the heart to pump
ood at a rate commensurate with the requirements of the metabolizing
ssues and/or can do so only from an abnormally elevated diastolic
olume. Heart failure is frequently, but not always, caused by a defect
myocardial contraction, and then the term myocardial failure is
ppropriate. The latter may result from a primary abnormality in heart
uscle, as occurs in the cardiomyopathies and in viral myocarditis
Chap. 239). Myocardial failure also may result from extramyocardial
bnormalities, such as coronary atherosclerosis which leads to myocar-
al ischemia and infarction, as well as from abnormalities of the heart
alves in which the heart muscle is damaged by the long-standing
xcessive hemodynamic burden imposed by the valvular abnormality,
or by the rheumatic process (Chap. 236).
In other patients with heart failure, however, a similar clinical
yndrome is present but without any detectable abnormality of myocar-
ial function.. In some of these patients the normal heart is suddenly
resented with a mechanical load that exceeds its capacity, such as
cute hypertensive crisis, rupture of an aortic valve cusp, or massive
monary embolism. Heart failure, in the presence of normal myocar-
function, also occurs in chronic conditions in which there is
airment of filling of the ventricles due to a mechanical abnormality
h as tricuspid and/or mitral stenosis, constrictive pericarditis with-
myocardial involvement, endocardial fibrosis, and some forms of
ertrophic cardiomyopathy. In many patients with heart failure,
icularly those with valvular or congenital heart disease, a combina-
of impaired myocardial function and mechanical abnormality
sts.
eart failure should be distinguished from (1) conditions in which
re is circulatory congestion consequent to abnormal salt and water
ntion but in which there is no disturbance of cardiac function per
he latter syndrome, termed the congested state, may result from
bnormal salt and water retention of renal failure or from excess
teral administration of fluids and electrolytes) and (2) noncardiac
s of inadequate cardiac output, including shock due to hypovo-
and redistribution of blood volume (Chap. 38).
The ventricles respond to a chronically increased hemodynamic
n with the development of hypertrophy. With volume overload
the ventricle is called on to deliver an elevated cardiac output
olonged periods, as in valvular regurgitation, it develops eccentric
rtrophy, i.e., cavity dilatation, with an increase in muscle mass
at the ratio between wall thickness and ventricular cavity size
ins relatively constant. With chronic pressure overload, as in
llar aortic stenosis or untreated hypertension, it develops concen-
ertrophy, in which the ratio between wall thickness and ventric-
vity size increases. In both conditions, a stable hyperfunctioning
ay exist for many years, but myocardial function may ultimately
rate, leading to heart failure. Heart failure represents a major
health problem in industrialized nations. It appears to be the
mmon cardiovascular condition that is increasing in prevalence
cidence. In the United States, heart failure is responsible for
million hospital admissions and 40,000 deaths annually. Since
lure is more common in the elderly, its prevalence is likely
ue to increase as the population ages.

CAUSES OF HEART FAILURE

In €valuating patients with heart failure, it is important to identify not
ODIY/the"underlying cause of the heart disease but also the precipitating
¢ause of heart failure. The cardiac abnormality produced by a congeni-
tal Of ‘acquired lesion such as valvular aortic stenosis may exist for
many years and produce no clinical disability. Frequently, however,
- phmcal manifestations of heart failure appear for the first time in the
S0urse of some acute disturbance that places an additional load on a
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myocardium that chronically is excessively burdened. The heart may
be compensated but have little additional reserve, and the additional
load imposed by a precipitating cause results in further deterioration
of cardiac function. Identification of such precipitating causes is of
critical importance because their prompt alleviation may be lifesaving.
In the absence of underlying heart disease, these acute disturbances
do not usually, by themselves, lead to heart failure.

PRECIPITATING CAUSES

1. Infection. Patients with pulmonary vascular congestion are
also more susceptible to pulmonary infections; any infection may
precipitate heart failure. The resulting fever, tachycardia, and hypox-
emia and the increased metabolic demands may place a further burden
on the overloaded, but compensated myocardium of a patient with
chronic heart disease.

2. Anemia. In the presence of anemia, the oxygen needs of the
metabolizing tissues can be met only by an increase in the cardiac

" output (Chap. 59). Although such an increase in cardiac output can

be sustained by a normal heart, a diseased, overloaded, but otherwise
compensated heart may be unable to augment sufficiently the volume
of blood that it delivers to the periphery. In this manner, the combina-
tion of anemia and previously compensated heart disease can lead to
inadequate oxygen delivery to the periphery and precipitate heart
failure.

3. Thyrotoxicosis and pregnancy. As in anemia and fever, in
thyrotoxicosis and pregnancy, adequate tissue perfusion requires an
increased cardiac output. The development or intensification of heart
failure may actually be one of the first clinical manifestations of
hyperthyroidism in a patient with underlying heart disease that was
previously compensated (Chap. 331). Similarly, heart failure not infre-
quently occurs for the first time during pregnancy in women with
rheumatic valvular disease, in whom cardiac compensation may return
following delivery.

4. Arrhythmias. In patients with compensated heart disease, ar-
rhythmias are among the most frequent precipitating causes of heart
failure. They exert a deleterious effect for a variety of reasons: (a)
Tachyarrthythmias reduce the time period available for ventricular
filling. In patients with ischemic heart disease, tachyarrhythmias also
may cause ischemic myocardial dysfunction. (b) The dissociation be-
tween atrial and ventricular contractions characteristic of many ar-
rhythmias results in the loss of the atrial booster pump mechanism,
thereby raising atrial pressures. (c) In any arthythmia associated with
abnormal intraventricular conduction, myocardial performance may
become further impaired because of the loss of normal synchronicity
of ventricular contraction. (d) Marked bradycardia associated with
complete atrioventricular block or other severe bradyarrhythmias re-
duces cardiac output unless stroke volume rises reciprocally; this com-
pensatory response cannot occur with serious myocardial dysfunction
even in the absence of heart failure.

5. Rheumatic and other forms of myocarditis. Acute rheumatic
fever and a variety of other inflammatory or infectious processes
affecting the myocardium may impair myocardial function in patients
with or without preexisting heart disease (Chaps. 236 and 239).

6. Infective endocarditis. The additional valvular damage, ane-
mia, fever, and myocarditis that often occur as a consequence of
infective endocarditis may, singly or in concert, precipitate heart failure
(Chap. 126).

7. Physical, dietary, fluid, environmental, and emotional ex-
cesses. The augmentation of sodium intake, the inappropriate discon-
tinuation of medications to treat heart failure, blood transfusions, physi-
cal overexertion, excessive environmental heat or humidity, and
emotional crises all may precipitate heart failure in patients with heart
disease who were previously compensated.

8. Systemic hypertension. Rapid elevation of arterial pressure,
as may occur in some instances of hypertension of renal origin or
upon discontinuation of antihypertensive medication, may result in
cardiac decompensation (Chap. 246).
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9. Mpyocardial infarction. In patients with chronic but compen-
sated ischemic heart disease, a fresh infarct, sometimes otherwise
silent clinically, may further impair ventricular function and precipitate
heart failure (Chap. 243). }

10. Pulmonary embolism. Physically inactive patients with low
cardiac output are at increased risk of developing thrombi in the veins
of the lower extremities or the pelvis. Pulmonary emboli may result
in further elevation of pulmonary arterial pressure, which in turn may
produce or intensify ventricular failure. In the presence of pulmonary
vascular congestion, such emboli also may cause pulmonary infarction
(Chap. 261).

A systematic search for these precipitating causes should be made
in every patient with the new development or recent intensification
of heart failure, especially if it is refractory to the usual methods of
therapy. If properly recognized, the precipitating cause of heart failure
usually can be treated more effectively than the underlying cause.
Therefore, the prognosis in patients with heart failure in whom a
precipitating cause can be identified, treated, and eliminated is more
favorable than it is in patients in whom the underlying disease process
has advanced to the point of producing heart failure.

FORMS OF HEART FAILURE

Heart failure may be described as systolic or diastolic, high-output or
low-output, acute or chronic, right-sided or left-sided, and forward or
backward. These descriptors are often useful in a clinical setting,
particularly early in the patient’s course, but late in the course of
chronic heart failure the differences between them often become
blurred.

SYSTOLIC VERSUS DIASTOLIC FAILURE The distinc-
tion between these two forms of heart failure, described on p. 1284
and in Fig. 232-8, relates to whether the principal abnormality is
the inability to contract normally and expel sufficient blood (systolic
failure) or to relax and fill normally (diastolic failure). The major
clinical manifestations of systolic failure relate to an inadequate cardiac
output with weakness, fatigue, reduced exercise tolerance, and other
symptoms of hypoperfusion, while in diastolic failure they relate prin-
cipally to an elevation of filling pressures. In many patients, particularly
those who have both ventricular hypertrophy and dilatation, abnormali-
ties both of contraction and relaxation coexist.

Diastolic heart failure may be caused by increased resistance to
ventricular inflow and reduced ventricular diastolic capacity (constric-
tive pericarditis and restrictive, hypertensive, and hypertrophic cardio-
myopathy), impaired ventricular relaxation (acute myocardial isch-
emia, hypertrophic cardiomyopathy), and myocardial fibrosis and
infiltration (dilated, chronic ischemic, and restrictive cardiomyopathy).

HIGH-OUTPUT VERSUS LOW-OUTPUT HEART FAIL-
URE It is useful to classify patients with heart failure into those with
a low cardiac output, i.e., low-output heart failure, and those with an
elevated cardiac output, i.e., high-output heart failure. The former oc-
curs secondary to ischemic heart disease, hypertension, dilated cardio-
myopathy, and valvular and pericardial disease, while the latter is seen
in patients with heart failure and hyperthyroidism, anemia, pregnancy,
arteriovenous fistulas, beriberi, and Paget’s disease. In clinical practice,
however, low-output and high-output heart failure cannot always be
readily distinguished. The normal range of cardiac output is wide [2.2
to 3.5 (L/min)/m?}, and in many patients with so-called low-output heart
failure the cardiac output may actually be just within the normal range
at rest (although it is lower than it had been previously), but it fails to
rise normally during exertion. On the other hand, in patients with so-
called high-output heart failure the output may not exceed the upper
limits of normal (although it would have been elevated had it been mea-
sured before heart failure supervened), but rather it may have fallen to
the upper limit of normal. Regardless of the absolute level of the cardiac
output, however, cardiac failure may be said to be present when the
characteristic clinical manifestations described below are accompanied

by a depression of the curve relating ventricular end-diastolj
to cardiac performance (see Fig. 232-6).

An integral physiologic component of systolic heart fajlyy,
1284) is the delivery of an inadequate quantity of oxygen l'eqilir
the metabolizing tissues. In the absence of peripheral shuptiy
blood, this is reflected in an abnormal widening of the normal arte
mixed venous oxygen difference (35 to 50 mL/L in the baga} g
In mild cases, such an abnormality may not be present at eS|
becomes evident only during exertion or other hypermetabolic g
In patients with high cardiac output states, such as those ‘assoe
with arteriovenous fistula or thyrotoxicosis, the arterial-mixed ye
oxygen difference is normal or low. The mixed venous oxygen g
tion is raised by the admixture of blood that has been diverted
the metabolizing tissues, and it may be presumed that even-ip
patients the delivery of oxygen to the latter is reduced despite
normal or even elevated mixed venous oxygen saturation. Wheg
failure occurs in such patients, the arterial-mixed venous: oxXygy
difference, regardless of the absolute value, still exceeds the leva]
existed prior to the development of heart failure. Therefore, the
output, though normal or even elevated, is lower than before |
failure supervened.

The mechanisms responsible for the development of heart f;
in patients whose cardiac outputs are initially high are complex
depend on the underlying disease process. In most of these conditj
the heart is called on to pump abnormally large quantities- of b]
in order to deliver the normal quota of oxygen to the metabo]
tissues. The burden placed on the myocardium by the increased
load resembles that produced by chronic regurgitant valvular
In addition, thyrotoxicosis and beriberi also may impair myo
metabolism directly, while severe anemia may interfere with 'my
dial function by producing myocardial anoxia, especially in thy
ence of underlying obstructive artery disease. N

ACUTE VERSUS CHRONIC HEART FAILURE The
type of acute heart failure is the patient who is entirely well'b
suddenly develops a large myocardial infarction or rupture of a
valve. Chronic heart failure is typically observed in patien
dilated cardiomyopathy or multivalvular heart disease that'd
or progresses slowly. Acute heart failure is usually largely s
and the sudden reduction in cardiac output often results in'sys
hypotension without peripheral edema. In chronic heart failure,
pressure tends to be well maintained until very late in the cow
there is often accumulation of edema. Despite these obviou
ences in clinical presentation, there is no fundamental distincti
tween acute and chronic heart failure. For example, inten
to prevent expansion of blood volume by means of dieta
restriction and the administration of diuretics will frequently
development of exertional dyspnea and edema in patients wi
valvular heart disease (i.e., it will mask the clinical manifestal
chronic heart failure) until an acute episode, such as an arthyt
infection, precipitates acute heart failure. Without intensive eff
restrict blood volume, the same patients would have been con
to have been suffering from chronic heart failure, even thoy,
underlying myocardial disease was no further advanced. -

RIGHT-SIDED VERSUS LEFT-SIDED HEART FAIL
Many of the clinical manifestations of heart failure result fro
accumulation of excess fluid behind either one or both ve
(Chaps. 32 and 37). This fluid usually localizes upstream to
the specific cardiac chamber that is initially affected. For’
patients in whom the left ventricle is mechanically overload
aortic stenosis) or weakened (e.g., postmyocardial infarction) d
dyspnea and orthopnea as a result of pulmonary congestion, €0
referred to as left-sided heart failure. In contrast, when the und
abnormality affects the right ventricle primarily (e.g., valvul
monic stenosis or pulmonary hypertension secondary to Pu
thromboembolism), symptoms resulting from pulmonary €08
such as orthopnea or paroxysmal nocturnal dyspnea are less ¢
and edema, congestive hepatomegaly, and systemic venous dis!
i.e., clinical manifestations of right-sided heart failure, are mOre
nent. However, when heart failure has existed for months’
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ocalization of excess fluid behind the failing ventricle may no
xist.. For example, patients with long-standing aortic valve
r systemic hypertension may have ankle edema, congestive
egaly, and systemic venous distention late in the course of
ase, even though the abnormal hemodynamic burden initially
aced on the left ventricle. This occurs in part because of the
jary pulmonary hypertension and resultant right-sided heart fail-
also because of the retention of salt and water characteristic
rms of heart failure (Chap. 37). The muscle bundles composing
entricles are continuous, and both ventricles share a common
interventricular septum. Also, biochemical changes that occur
silure and that may be involved in the impairment of myocar-
tion (Chap. 232), such as norepinephrine depletion and alter-
the activity of myosin ATPase, occur in the myocardium of
entricles, regardless of the specific chamber on which the abnor-
odynamic burden is placed initially.

KWARD VERSUS FORWARD HEART FAILURE For
ars a controversy has revolved around the question of the
m of the clinical manifestations resulting from heart failure.
cept of backward heart failure contends that in heart failure,
e other ventricle fails to discharge its contents or fails to fill
lly. As a consequence, the pressures in the atrium and venous
ehind the failing ventricle rise, and retention of sodium and
curs as a consequence of the elevation of systemic venous
llary pressures and the resultant transudation of fluid into the
al space (Chap. 37). In contrast, the proponents of the forward
ilure hypothesis maintain that the clinical manifestations of
ure result directly from an inadequate discharge of blood into
jal system. According to this concept, salt and water retention
equence of diminished renal perfusion and excessive proximal
ir sodium reabsorption and of excessive distal tubular reabsorp-
ugh activation of the renin-angiotensin-aldosterone system.
gid- distinction between backward and forward heart failure
gid distinction between right and left heart failure) is artificial,
th. mechanisms appear to operate to varying extents in most
vith heart failure. However, the rate of onset of heart failure
fluences the clinical manifestations. For example, when a large
of the left ventricle is suddenly destroyed, as in myocardial
n;-although stroke volume and blood pressure are suddenly
(both manifestations of forward failure), the patient may suc-
ute pulmonary edema, a manifestation of backward failure.
patient survives the acute insult, clinical manifestations resulting
chronically depressed cardiac output, including the abnormal
nof : fluid within the systemic vascular bed, may develop.
y, in the case of massive pulmonary embolism, the right ventri-
‘dilate and the systemic venous pressure may rise to high
ackward failure), or the patient may develop shock secondary
ardiac output (forward failure), but this low-output state may
be maintained for some days before sodium and water retention
tto produce peripheral edema occurs.

STRIBUTION OF CARDIAC OUTPUT The redistri-
f cardiac output serves as an important compensatory mecha-
hen -cardiac output is reduced. This redistribution is most
hen a patient with heart failure exercises, but as heart failure
; redistribution occurs even in the basal state. Blood flow is
uted so that the delivery of oxygen to vital organs, such as
and ‘myocardium, is maintained at normal or near-normal
hile flow to less critical areas, such as the cutaneous and
ar beds and viscera, is reduced. Vasoconstriction mediated by
Tgic nervous system is largely responsible for this redistribu-
h in turn may be responsible for many of the clinical manifes-
heart failure, such as fluid accumulation (reduction of renal
~-grade fever (reduction of cutaneous flow), and fatigue (re-
muscle flow).

ND WATER RETENTION (See also Chap. 37)

volume of blood pumped by the left ventricle into the
Vascular bed is reduced, a complex sequence of adjustments
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occurs that ultimately results in the abnormal accumulation of fluid.
On the one hand, many of the troubling clinical manifestations of
heart failure are secondary to this excessive retention of fluid; on the
other, this abnormal fluid accumulation and the expansion of blood
volume that accompanies it also constitute an important compensatory
mechanism that tends to maintain cardiac output and therefore perfu-
sion of the vital organs. Except in the terminal stages of heart failure,
the ventricle operates on an ascending, albeit depressed and flattened,
function curve (Fig. 232-6), and the augmented ventricular end-dia-
stolic volume and pressure characteristic of heart failure must be
regarded as helping to maintain the reduced cardiac output, despite
causing pulmonary and/or systemic venous congestion.

Congestive heart failure is also characterized by a complex series
of neurohumoral adjustments. The activation of the adrenergic nervous
system is discussed on p. 1285; there is also activation of the renin-
angiotensin-aldosterone system and increased release of antidiuretic
hormone. These influences elevate systemic vascular resistance and en-
hance sodium and water retention and potassium excretion. These ac-
tions are, to a minor extent, opposed by the release of atrial natriuretic
peptide, which also occurs in congestive heart failure. Patients with se-
vere heart failure may exhibit a reduced capacity to excrete a water load,
which may result in dilutional hyponatremia. In the presence of heart
failure, effective filling of the systemic arterial bed is reduced, a condi-
tion that initiates the renal and hormonal changes mentioned above.

The elevation of systemic venous pressure and the alterations of
renal and adrenal function characteristic of heart failure vary in their
relative importance in the production of edema in different patients
with heart failure. The renin-angiotensin-aldosterone axis is activated
most intensely by acute heart failure, and its activity tends to decline
as heart failure becomes chronic. In patients with tricuspid valve
disease or constrictive pericarditis, the elevated venous pressure and
the transudation of fluid from systemic capillaries appear to play the
dominant role in edema formation. On the other hand, severe edema
may be present in patients with ischemic or hypertensive heart disease,
in whom systemic venous pressure is within normal limits or is only
minimally elevated. In such patients, the retention of salt and water
is probably due primarily to a redistribution of cardiac output and a
concomitant reduction in renal perfusion, as well as activation of
the renin-angiotensin-aldosterone axis. Regardless of the mechanisms
involved in fluid retention, untreated patients with chronic congestive
heart failure have elevations of total blood volume, interstitial fluid
volume, and body sodium. These abnormalities diminish after clinical

compensation has been achieved by treatment.

CLINICAL MANIFESTATIONS OF
HEART FAILURE

Dyspnea Respiratory distress that occurs as the result of in-
creased effort in breathing is the most common symptom of heart
failure (Chap. 32). In early heart failure, dyspnea is observed only
during activity, when it may simply represent an aggravation of the
breathlessness that occurs normally under these circumstances. As
heart failure advances, however, dyspnea appears with progressively
less strenuous activity. Ultimately, breathlessness is present even when
the patient is at rest. The principal difference between exertional
dyspnea in normal persons and in patients with heart failure is the
degree of activity necessary to induce the symptom. Cardiac dyspnea
is observed most frequently in patients with elevations of pulmonary
venous and capillary pressures. Such patients usually have engorged
pulmonary vessels and interstitial pulmonary edema, which may be
evident on radiologic examination. This reduces the compliance of
the lungs and thereby increases the work of the respiratory muscles
required to inflate the lungs. The activation of receptors in the lungs
results in the rapid, shallow breathing characteristic of cardiac dyspnea.
The oxygen cost of breathing is increased by the excessive work of
the respiratory muscles. This is coupled with the diminished delivery

Ex. 2007-0426



PART EIGHT
Disorders of the Cardiovascular System

1290

of oxygen to these muscles, which occurs as a consequence of the
reduced cardiac output and which may contribute to fatigue of the
respiratory muscles and the sensation of shortness of breath.

Orthopnea Dyspnea in the recumbent position is usually a later
manifestation of heart failure than exertional dyspnea. Orthopnea oc-
curs because of the redistribution of fluid from the abdomen and
lower extremities into the chest causing an increase in the pulmonary
capillary hydrostatic pressure, as well as elevation of the diaphragm
accompanying supine posture. Patients with orthopnea must elevate
their heads on several pillows at night and frequently awaken short
of breath or coughing (the so-called nocturnal cough) if their heads
slip off the pillows. The sensation of breathlessness usually is relieved
by sitting upright, since this position reduces venous return and pulmo-
nary capillary pressure, and many patients report that they find relief
from sitting in front of an open window. In far-advanced heart failure,
orthopnea may become so severe that patients cannot lie down at all
and must spend the entire night in a sitting position. On the other hand,
in other patients with long-standing, severe left ventricular failure,
symptoms of pulmonary congestion may actually diminish with time
as the function of the right ventricle becomes impaired.

Paroxysmal (Nocturnal) Dyspnea
of severe shortness of breath and coughing that generally occur at night,
usually awaken the patient from sleep, and may be quite frightening.
Though simple orthopnea may be relieved by sitting upright at the
side of the bed with legs dependent, in the patient with paroxysmal
nocturnal dyspnea, coughing and wheezing often persist even in this
position. The depression of the respiratory center during sleep may
reduce ventilation sufficiently to lower arterial oxygen tension, particu-
larly in patients with interstitial lung edema and reduced pulmonary
compliance. Also, ventricular function may be further impaired at night
because of reduced adrenergic stimulation of myocardial function.
Cardiac asthma is closely related to paroxysmal nocturnal dyspnea
and nocturnal cough and is characterized by wheezing secondary to
bronchospasm—most prominent at night. Acute pulmonary edema
(Chap. 32) is a severe form of cardiac asthma due to marked elevation
of pulmonary capillary pressure leading to alveolar edema, associated
with extreme shortness of breath, rales over the lung fields, and the
transudation and expectoration of blood-tinged fluid. If not treated
promptly, acute pulmonary edema may be fatal.

Cheyne-Stokes Respiration Also known as periodic or cyclic
respiration, Cheyne-Stokes respiration is characterized by diminished
sensitivity of the respiratory center to arterial Peo,. There is an apneic
phase, during which the arterial Py, falls and the arterial Pco, rises.
These changes in the arterial blood stimulate the depressed respiratory
center, resulting in hyperventilation and hypocapnia, followed in turn
by recurrence of apnea. Cheyne-Stokes respiration occurs most often
in patients with cerebral atherosclerosis and other cerebral lesions, but
the prolongation of the circulation time from the lung to the brain that
occurs in heart failure, particularly in patients with hypertension and
coronary artery disease and associated cerebral vascular disease, also
appears to precipitate this form of breathing.

Fatigue, Weakness, and Abdominal Symptoms These nonspe-
cific but common symptoms of heart failure are related to the reduction
of perfusion of skeletal muscle. Exercise capacity is reduced by the
limited ability of the failing heart to increase its output and deliver
oxygen to the exercising muscle. Anorexia and nausea associated with
abdominal pain and fuliness are frequent complaints and may be related
to the congested liver and portal venous system.

Cerebral Symptoms In severe heart failure, particularly in el-
derly patients with accompanying cerebral arteriosclerosis, reduced
cerebral perfusion, and arterial hypoxemia, there may be alterations in
the mental state characterized by confusion, difficulty in concentration,
impairment of memory, headache, insomnia, and anxiety. Nocturia is
common in heart failwe and may contribute to insomnia.

PHYSICAL FINDINGS (See Chap. 227) In moderate heart
failure, the patient appears to be in no distress at rest except that he

This term refers to attacks

or she may be uncomfortable when lying flat for more thay
minutes. In more severe heart failure, the pulse pressure;}na'
diminished, reflecting a reduction in stroke volume, and occasig,
the diastolic arterial pressure is elevated as a consequence of gep,
ized vasoconstriction. In acute heart failure, hypotension may be/py,
inent. There may be cyanosis of the lips and nail beds and g
tachycardia, and the patient may insist on sitting upright. Syst,
venous pressure is often abnormally elevated in heart failure ang.
be recognized by observing the extent of distention of the jugyj
veins. In the early stages of heart failure, the venous pressure y
be normal at rest but may become abnormally elevated du
immediately after exertion as well as with sustained pressure o
abdomen (positive abdominojugular reflux).

Third and fourth heart sounds are often audible but are not SPec;
for heart failure, and pulsus alternans, i.e., a regular rhythm in w
there is alternation of strong and weak cardiac contractions and-thy
fore alternation in the strength of the peripheral pulses, may be pr
Pulsus alternans, a sign of severe heart failure, may be detecte
sphygmomanometry and in more severe instances by palpatio
frequently follows an extrasystole and is observed most common|
patients with cardiomyopathy or hypertensive or ischemic
disease. g

Pulmonary Rales Moist, inspiratory, crepitant rales and dulin
to percussion over the lung bases are common in patients with by
failure and elevated pulmonary venous and capillary pressures
patients with pulmonary edema, rales may be heard widely over
lung fields; they are frequently coarse and sibilant and may be acco
panied by expiratory wheezing. Rales may, however, be cause
many conditions other than left ventricular failure. Some pati
with long-standing heart failure have no rales because of incre
lymphatic drainage of alveolar fluid.

Cardiac Edema (See Chap. 37) This is usually dependent,;
curring in the legs symmetrically, particularly in the pretibial regi
and ankles in ambulatory patients, in whom it is most prominent
the evening, and in the sacral region of individuals at bed rest. Pif
edema of the arms and face occurs rarely and then only late in ¢
course of heart failure. i

Hydrothorax and Ascites Pleural effusion in congestive:
failure results from the elevation of pleural capillary pressure
transudation of fluid into the pleural cavities. Since the pleural vei
drain into both the systemic and pulmonary veins, hydrothorax occ
most commonly with marked elevation of pressure in both veno
systems but also may be seen with marked elevation of pressure
either venous bed. It is more frequent in the right pleural cavity. th:
in the left, Ascites also occurs as a consequence of transudation an
results from increased pressure in the hepatic veins and the ve:
draining the peritoneum (Chap. 46). Marked ascites occurs m
frequently in patients with tricuspid valve disease and constricti
pericarditis. :

Congestive Hepatomegaly An enlarged, tender, pulsating liver
also accompanies systemic venous hypertension and is observed not
only in the same conditions in which ascites occurs but also in milder
forms of heart failure from any cause. With prolonged, severe hepats
megaly, as in patients with tricuspid valve disease or chronic constri
tive pericarditis, enlargement of the spleen, i.e., congestive splenomeg
aly, also may occur.

Jaundice This is a late finding in congestive heart failure anf
is associated with elevations of both the direct- and indirect-reacting
bilirubin; it resuits from impairment of hepatic function secondary: ;
hepatic congestion and the hepatocellular hypoxia associated Wil
central lobular atrophy. Serum transaminase concentrations are _f.re
quently elevated. If hepatic congestion occurs acutely, the jaundic
may be severe and the enzymes strikingly elevated.

Cardiac Cachexia With severe chronic heart failure there ma;
be serious weight loss and cachexia because of (1) elevation of circulal
ing concentrations of tumor necrosis factor; (2) elevation of the met2
bolic rate, which results in part from the extra work performed by t
respiratory muscles, the increased oxygen needs of the hypertrophi
heart, and/or the discomfort associated with severe heart failure;
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pausea, and vomiting due to central causes, to digitalis
ton, or to congestive hepatomegaly and abdominal fullness;
airment of intestinal absorption due to congestion of the intesti-
s-and (5) rarely, in patients with particularly severe failure
ight side of the heart, protein-losing enteropathy.
ier Manifestations With reduction of blood flow, the extrem-
be cold, pale, and diaphoretic. Urine flow is depressed, and
¢ contains albumin and has a high specific gravity and a
centration of sodium. In addition, prerenal azotemia may be
In patients with long-standing severe heart failure, impotence
ression are common.
ENTGENOGRAPHIC FINDINGS In addition to the en-
ment of the particular chambers characteristic of the lesion respon-
eart failure, distention of pulmonary veins and redistribution
pices is common in patients with heart failure and elevated
ary vascular pressures. Also, pleural effusions may be evident
sociated with interlobar effusions.
JFFERENTIAL DIAGNOSIS The diagnosis of congestive
ailure may be established by observing some combination of
finical manifestations of heart failure described above, together
the findings characteristic of one of the etiologic forms of heart
Table 233-1 shows the Framingham criteria, which are useful
diagnosis of heart failure. Since chronic heart failure is often
jated with cardiac enlargement, the diagnosis should be ques-
d, but is by no means excluded, when all chambers are normal
‘Two-dimensional echocardiography is particularly useful in
sing the dimensions of each cardiac chamber. Heart failure may
ficult to distinguish from pulmonary disease, and the differential
osis is discussed in Chap. 32. Pulmonary embolism also presents
the manifestations of heart failure, but hemoptysis, pleuritic
t pain, a right ventricular lift, and the characteristic mismatch
een ventilation and perfusion on lung scan should point to this
gnosis (see Chap. 261).
Ankle edema may be due to varicose veins, cyclic edema, or
ational effects (Chap. 37), but in these patients there is no jugular
ous hypertension at rest or with pressure over the abdomen. Edema
ondary. to renal disease can usually be recognized by appropriate
function tests and urinalysis and is rarely associated with eleva-
of venous pressure. Enlargement of the liver and ascites occur in
tients with hepatic cirrhosis and also may be distinguished from
it failure by normal jugular venous pressure and absence of a
tive abdominojugular reflux.

2331

ngham Criteria for Diagnosis of Congestive Heart Failure*

OR CRITERIA

6kysn'1§1 nocturnal dyspnea

il capacity reduced by one-third from normal
achycardia (=120 bpm)

ght loss =4.5 kg over 5 days’ treatment
S,

O'establish a clinical diagnosis of congestive heart failure by these criteria, at least
ajor and two minor criteria are required.

UReE: KKL Ho et al, Circulation 88:107, 1993.
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E TREATMENT

The treatment of heart failure may be divided logically into three
components: (1) removal of the precipitating cause, (2) correction
of the underlying cause, and (3) control of the congestive heart
failure state. The first two are discussed in other chapters together
with each specific disease entity or complication. An example is
the treatment of pneumococcal pneumonia and acute heart failure
(removal of the precipitating cause) followed by mitral valvotomy
(correction of the underlying cause) in a patient with mitral stenosis.
In many instances, surgical treatment will correct or at least alleviate
the underlying cause. The third component of the treatment of heart
failure, i.e., control of the congestive heart failure state, may, in
turn, be divided into three categories: (1) reduction of cardiac work
load, including both the preload and the afterload; (2) control of
excessive retention of salt and water; and (3) enhancement of myo-
cardial contractility. The vigor with which each of these measures
is pursued in any individual patient should depend on the severity
of heart failure. Following effective treatment, recurrence of the
clinical manifestations of heart failure can often be prevented by
continuing those measures that were originally effective.

While a simple rule for the treatment of all patients with heart
failure cannot be formulated because of the varied etiologies, hemo-
dynamic features, clinical manifestations, and severity of heart fail-
ure, insofar as the treatment of chronic congestive failure is con-
cerned, the administration of an angiotensin-converting enzyme
inhibitor (e.g., lisinopril 10 mg q.d.) has been shown to retard the
development of heart failure and should be begun early in patients
with cardiac dilatation and/or hypertrophy, even if they are asymp-
tomatic. Then, as symptoms develop, simple measures such as mod-
erate restriction of activity and sodium intake should be tried (Fig.
233-1). If these and the ACE inhibitor are insufficient, therapy with
a combination of a diuretic, a vasodilator, and usually a digitalis
glycoside is then begun. The next step is more rigorous restriction
of salt intake and higher doses of loop diuretics, sometimes accom-
panied by other diuretics. If heart failure persists, hospitalization
with rigid salt restriction, bed rest, intravenous vasodilators, and
positive inotropic agents comes next. In some patients, the order in
which these measures are applied may be altered.

New York Heart Association functional class
| I i v

Vasodilator (ACE inhibitor)

Restricted Na* intake —

Restricted physical activity

Digoxin-

Diuretics —

1V inotropic agents
(sympathomimetic drugs) _|
and vasodilators
Special measures
(intra-aortic balloon pump,
cardiac transplant)

FIGURE 233-1 Overview of the treatment of heart failure. [ From RA Kelly,
TW Smith: Treatment of stable heart failure: Digitalis and diuretics, in Heart
Failure. Cardiac Function and Dysfunction, in WS Colucci (ed), Atlas of Heart
Diseases, vol4, E Braunwald (series ed), Philadelphia, Current Medicine, 1995.]
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COMPLICATIONS OF MYOCARDIAL
INFARCTION AND THEIR TREATMENT

VENTRICULAR DYSFUNCTION Following myocardial in-
farction, the left ventricle undergoes a series of changes in shape, size,
and thickness in both the infarcted and noninfarcted segments. This
process is referred to as ventricular remodeling and generally precedes
the development of clinically evident congestive heart failure in the
months to years after infarction. Soon after myocardial infarction, the
left ventricle begins to dilate. Acutely, this results from expansion of
the infarct (i.e., slippage of muscle bundles, disruption of normal
myocardial cells, and tissue loss within the necrotic zone, resulting
in disproportionate thinning and elongation of the infarct zone). Later,
lengthening of the noninfarcted segments occurs as well. The overall
chamber enlargement that occurs is related to the size and location of
the infarct, with greater dilation following infarction of the apex of
the left ventricle and causing more marked hemodynamic impairment,
more frequent heart failure, and a poorer prognosis. Progressive dila-
tion and its clinical consequences may be ameliorated by therapy with
ACE inhibitors and other vasodilators (e.g., nitrates) (Fig. 243-2).
Thus, in patients with a lowered ejection fraction (less than 40 percent),
regardless of whether or not heart failure is present, ACE inhibitors
should be prescribed.

HEMODYNAMIC ASSESSMENT Pump failure is now the
primary cause of in-hospital death from acute myocardial infarction.
The extent of ischemic necrosis correlates well with the degree of pump
failure and with mortality, both early (within 10 days of infarction) and
later. The most common clinical signs are pulmonary rales and S; and
S, gallop thythms. Pulmonary congestion is also frequently seen on
the chest roentgenogram. Elevation of left ventricular filling pressure
and pulmonary artery pressure are the characteristic hemodynamic
findings, but it should be appreciated that these findings may result
from a reduction of ventricular compliance (diastolic failure) and/or
a reduction of stroke volume with secondary cardiac dilation (systolic
failure) (Chap. 232).

A classification originally proposed by Killip divides patients into
four groups: class I, no signs of pulmonary or venous congestion;
class II, moderate heart failure as evidenced by rales at the lung bases,
S; gallop, tachypnea, or signs of failure of the right side of the heart,
including venous and hepatic congestion; class III, severe heart failure,
pulmonary edema; and class IV, shock with systolic pressure less than
90 mmHg and evidence of peripheral vasoconstriction, peripheral
cyanosis, mental confusion, and oliguria. The expected hospital mortal-
ity rate of patients in these clinical classes when this classification
was established in 1967 was as follows: class I, 0 to 5 percent;
class II, 10 to 20 percent; class III, 35 to 45 percent; and class
IV, 85 to 95 percent. With advances in management, the mortality
rate has fallen, perhaps by as much as one-third to one-half, in each
class.

Hemodynamic evidence of abnormal left ventricular function ap-
pears when contraction is seriously impaired in 20 to 25 percent of
the left ventricle. Infarction of 40 percent or more of the left ventricle
usually results in cardiogenic shock (see below). Positioning of a
balloon flotation catheter in the pulmonary artery permits monitoring

of left ventricular filling pressure; this technique is useful in patients
who exhibit hypotension and/or clinical evidence of heart failure.
Cardiac output can also be determined with a pulmonary artery cathe-
ter. With the addition of intraarterial pressure monitoring, systemic
vascular resistance can be calculated as a guide to adjusting vasopressor
and vasodilator therapy. Some patients with acute myocardial in-
farction have markedly elevated left ventricular filling pressures (>22
mmHg) and normal cardiac indexes [>2.6 and >3.6 L/(min/m?)],
while others have relatively low filling pressures (<15 mmHg) and
reduced cardiac indexes. The former patients usually benefit from
diuresis, while the latter may respond to volume expansion by means
of intravenous administration of colloid-containing solutions.

Hypovolemia This is an easily corrected condition that my
contribute to the hypotension and vascular collapse associated Wifh
myocardial infarction in some patients. Hypovolemia may be secong.
ary to previous diuretic use, to reduced fluid intake during the early .
stages of the illness, and/or to vomiting associated with pain or medicy,
tions. Consequently, hypovolemia should be identified and correcteq
in patients with acute myocardial infarction and hypotension before
more vigorous forms of therapy are embarked on. Central vengy,
pressure reflects right rather than left ventricular filling pressure ap
is an inadequate guide for adjustment of blood volume, since lef;
ventricular function is almost always affected much more adverse)
than right ventricular function in acute myocardial infarction. T
optimal left ventricular filling or pulmonary artery wedge pressur,
may vary considerably among patients. Each patient’s ideal levg
(generally approximately 20 mmHg) is reached by cautious fiy;
administration during careful monitoring of oxygenation and cardig
output. Eventually, the cardiac output plateaus and further increages
in left ventricular filling pressure only increase congestive synjp
toms and decrease systemic oxygenation without raising arter
pressure.

E TREATMENT
The management of heart failure in association with myocar
infarction is similar to that of acute heart failure secondary to othe
forms of heart disease (avoidance of hypoxemia, diuresis, afterlo
reduction, inotropic support) (Chap. 233), except that the beneﬁi;
of digitalis administration in acute myocardial infarction are uni
pressive. On the other hand, diuretic agents are extremely effecti
as they diminish pulmonary congestion in the presence of systoli
and/or diastolic heart failure. A fall in left ventricular filling press
and an improvement in orthopnea and dyspnea follow the intravenous
administration of furosemide. This drug should be used with cauti
however, as it can result in a massive diuresis with associated de
crease in plasma volume, cardiac output, systemic blood pressur
and hence coronary perfusion. Nitrates in various forms may,
used to decrease preload and congestive symptoms. Oral isosorb
dinitrate, topical nitroglycerin ointment, or intravenous nitroglyce
all have the advantage over a diuretic of lowering preload throug|
venodilation without decreasing the total plasma volume. In additi
nitrates may improve ventricular compliance if ischemia is prese
as ischemia causes an elevation of left ventricular filling pressu
The patient with pulmonary edema is treated as described in Ch:
233, but vasodilators must be used with caution to prevent seri
hypotension. As noted earlier, ACE inhibitors are an ideal class
drugs for management of ventricular dysfunction following myog:
dial infarction, especially for the long term.

CARDIOGENIC SHOCK In recent years, efforts to red
infarct size and prompt treatment of ongoing ischemia and other col
plications of myocardial infarction appear to have reduced the. in
dence of cardiogenic shock from 20 percent to about 7 percent. O
10 percent of patients with this condition present with it on admissi
while 90 percent develop it during hospitalization. Typically, patie!
who develop cardiogenic shock have severe multivessel coronary:
tery disease with evidence of “piecemeal” necrosis extending outw.
from the original infarct zone. :

1t is useful to consider cardiogenic shock as a form of sev
left ventricular failure. This syndrome is characterized by mark
hypotension with systolic arterial pressure of <80 mmHg and a mark!
reduction of cardiac index [<1.8 L/(min/m?)] in the face of an eleva
left ventricular filling (pulmonary capillary wedge) pressure (2
mmHg). Hypotension alone is not a basis for the diagnosis of cardi
genic shock, because many patients who make an uneventful reco¥
will have serious hypotension (systolic pressure of <80 mmHg):
several hours. Such patients often have low left ventricular fil
pressures, and their hypotension usually resolves with the adminis!
tion of intravenous fluids. In contrast to hypovolemic hypotensi
cardiogenic shock is generally associated with a mortality rate
>70 percent; however, recent efforts to restore perfusion by coro
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Use of Inhaled Nitric Oxide

ABSTRACT. Approval of inhaled nitric oxide by the
US Food and Drug Administration for hypoxic respira-
tory failure of the term and near-term newborn provides
an important new therapy for this serious condition. This
statement addresses the conditions under which inhaled
nitric oxide should be administered to the neonate with
hypoxic respiratory failure.

ABBREVIATIONS. ECMO, extracorporeal membrane oxygenation;
iNO, inhaled nitric oxide; FDA, US Food and Drug Administration.

ypoxic respiratory failure in neonates born at
Hor near term may be caused by such condi-

tions as primary persistent pulmonary hy-
pertension, respiratory distress syndrome, aspiration
syndromes, pneumonia or sepsis, and congenital di-
aphragmatic hernia. Conventional therapies, which
have not been validated by randomized controlled
trials, include administration of high concentrations
of oxygen, hyperventilation, high-frequency ventila-
tion, the induction of alkalosis, neuromuscular block-
ade, and sedation.! Despite aggressive conventional
therapy, neonatal respiratory failure was associated
with a high rate of mortality before the development
of extracorporeal membrane oxygenation (ECMO).23
Survival and short-term morbidity rates have been
superior in term and near-term infants (=34 weeks’
gestation) treated with ECMO compared with con-
ventional therapy*; however, questions remain about
the long-term safety of ECMO.

Inhaled nitric oxide (iNO) is a selective pulmonary
vasodilator for which the mechanism of action in-
volves guanylyl cyclase activation leading to produc-
tion of cyclic guanosine monophosphate and subse-
quent smooth muscle relaxation.>” Although several
studies have suggested that iNO improves oxygen-
ation,8-14 the US Food and Drug Administration
(FDA) evaluated 2 large randomized multicenter
controlled trials of term and near-term neonates with
hypoxic respiratory failure that demonstrated im-
proved outcome with iNO therapy. The Neonatal
Inhaled Nitric Oxide Study Group trial documented
that iNO reduced the need for ECMO*® without in-
creasing neurodevelopmental, behavioral, or medi-
cal abnormalities at 2 years of age.!> These results
were strengthened by the Clinical Inhaled Nitric Ox-
ide Research Group trial, in which iNO reduced the
need for ECMO and the incidence of chronic lung

The recommendations in this statement do not indicate an exclusive course
of treatment or serve as a standard of medical care. Variations, taking into
account individual circumstances, may be appropriate.

PEDIATRICS (ISSN 0031 4005). Copyright © 2000 by the American Acad-
emy of Pediatrics.
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disease.!” iNO was not effective for infants with con-
genital diaphragmatic hernia.1®

The limited data to date on hypoxic preterm neo-
nates suggest that low-dose iNO improves oxygenation
but does not improve survival.l#1® Additional large
randomized trials of iNO in premature neonates are
required because they may experience more toxic ef-
fects than term and near-term infants.141920

It is critical that infants with hypoxic respiratory
failure in whom conventional ventilator therapy fails
or is predicted to fail be cared for in institutions that
have immediate availability of personnel, including
physicians, nurses, and respiratory therapists, who
are qualified to use multiple modes of ventilation
and rescue therapies. Radiologic and laboratory sup-
port required to manage the broad range of needs of
these infants is also essential.

iNO should be administered using FDA-approved
devices that are capable of administering iNO in con-
stant concentration ranges in parts per million or less
throughout the respiratory cycle. Infants who receive
iNO therapy should be monitored according to institu-
tionally derived protocols designed to avoid the poten-
tial toxic effects associated with INO administration.
These effects include methemoglobinemia (secondary
to excess nitric oxide concentrations), direct pulmonary
injury (attributable to excess levels of nitrogen dioxide),
and ambient air contamination.

In the trials of iNO therapy reported to date, the
indication for use has been failure of ventilatory
therapy. ECMO, a therapy of proven efficacy, usu-
ally is initiated if iNO therapy fails. Therefore, insti-
tutions that offer iNO therapy generally should have
ECMO capability; if a center lacks ECMO capability,
it should work in collaboration with an ECMO center
to prospectively establish appropriate iNO failure
criteria and mechanisms for the timely transfer of
infants to the collaborating ECMO center. The diver-
sity of geography, climate, and transport capabilities
necessitates that the “timely transfer” be dictated by
the location-specific transport limitations as well as
the severity of the infant’s illness. Because hypoxic
respiratory failure is often rapidly progressive and
abrupt discontinuation of iNO may lead to worsen-
ing oxygenation,?! the risk of delayed provision of
ECMO must be considered carefully when determin-
ing the appropriate time of transfer.

Plans for the care and referral of these infants
should incorporate the following recommendations.

RECOMMENDATIONS

1. Infants with progressive hypoxic respiratory failure
should be cared for in centers with the expertise and
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experience to provide multiple modes of ventilatory
support and rescue therapies or be transferred in a
timely manner to such an institution.

. iNO therapy should be given using the indica-
tions, dosing, administration, and monitoring
guidelines outlined on the product label (http://
www.fda.gov). An echocardiogram to rule out
congenital heart disease is recommended. Center-
specific criteria for treatment failure should be
developed to facilitate timely consideration of al-
ternative therapies.

. INO therapy should be directed by physicians
qualified by education and experience in its use
and offered only at centers that are qualified to
provide multisystem support, generally including
on-site ECMO capability.

. Generally, iNO should be initiated in centers with
ECMO capability. If iNO is offered by a center
without ECMO capability, for geographic or other
compelling reasons, mutually acceptable treat-
ment failure criteria and mechanisms for timely
transfer of infants to a collaborating ECMO center
should be established prospectively. Transfer
must be accomplished without interruption of
iNO therapy.

. Centers that provide iNO therapy should provide
comprehensive long-term medical and neurode-
velopmental follow-up.

. Centers that provide iNO therapy should estab-
lish prospective data collection for treatment time
course, toxic effects, treatment failure, use of al-
ternative therapies, and outcomes.

. Administration of iNO for indications other than
those approved by the FDA or in other neonatal
populations, including compassionate use, re-
mains experimental. As such, iNO should be ad-
ministered according to a formal protocol that has
been approved by the FDA and the institutional
review board and with informed parental consent.
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» ABSTRACT

Approval of inhaled nitric oxide by the US Food and Drug Administration for hypoxic respiratory failure of the term and near-term - Top

newborn provides an important new therapy for this serious condition. This statement addresses the conditions under which - ébs’(r
inhaled nitric oxide should be administered to the neonate with hypoxic respiratory failure. ¥ Recor
Hypoxic respiratory failure in neonates born at or near term may be caused by such conditions as primary persistent pulmonary + Refen

hypertension, respiratory distress syndrome, aspiration syndromes, pneumonia or sepsis, and congenital diaphragmatic hernia.

Conventional therapies, which have not been validated by randomized controlled trials, include administration of high concentrations of oxygen,
hyperventilation, high-frequency ventilation, the induction of alkalosis, neuromuscular blockade, and sedation.! Despite aggressive conventiona
neonatal respiratory failure was associated with a high rate of mortality before the development of extracorporeal membrane oxygenation (ECM
and short-term morbidity rates have been superior in term and near-term infants (234 weeks' gestation) treated with ECMO compared with com
therapy*; however, questions remain about the long-term safety of ECMO.

Inhaled nitric oxide (iNO) is a selective pulmonary vasodilator for which the mechanism of action involves guanyly! cyclase activation leading to
cyclic guanosine monophosphate and subsequent smooth muscle relaxation.>7 Although several studies have suggested that iNO improves ox
the US Food and Drug Administration (FDA) evaluated 2 large randomized multicenter controlled trials of term and near-term neonates with hyp
respiratory failure that demonstrated improved outcome with iNO therapy. The Neonatal Inhaled Nitric Oxide Study Group trial documented that
the need for ECMO?S without increasing neurodevelopmental, behavioral, or medical abnormalities at 2 years of age.'® These results were stre
the Clinical Inhaled Nitric Oxide Research Group trial, in which iNO reduced the need for ECMO and the incidence of chronic lung disease.’” iN
effective for infants with congenital diaphragmatic hernia.’®

The limited data to date on hypoxic preterm neonates suggest that low-dose iNO improves oxygenation but does not improve survival.’19 Add
randomized trials of iNO in premature neonates are required because they may experience more toxic effects than term and near-term infants.

It is critical that infants with hypoxic respiratory failure in whom conventional ventilator therapy fails or is predicted to fail be cared for in institutio
immediate availability of personnel, including physicians, nurses, and respiratory therapists, who are qualified to use multiple modes of ventila
rescue therapies. Radiologic and laboratory support required to manage the broad range of needs of these infants is also essential.

iNO should be administered using FDA-approved devices that are capable of administering iNO in constant concentration ranges in parts per m
throughout the respiratory cycle. Infants who receive iNO therapy should be monitored according to institutionally derived protocols designed to
potential toxic effects associated with iNO administration. These effects include methemoglobinemia (secondary to excess nitric oxide concentrz
pulmonary injury (attributable to excess levels of nitrogen dioxide), and ambient air contamination.

In the trials of iNO therapy reported to date, the indication for use has been failure of ventilatory therapy. ECMO, a therapy of proven efficacy, u:
initiated if INO therapy fails. Therefore, institutions that offer INO therapy generally should have ECMO capability; if a center lacks ECMO capab
work in collaboration with an ECMO center to prospectively establish appropriate iNO failure criteria and mechanisms for the timely transfer of ir
collaborating ECMO center. The diversity of geography, climate, and transport capabilities necessitates that the "timely transfer” be dictated by 1
specific transport limitations as well as the severity of the infant's iliness. Because hypoxic respiratory failure is often rapidly progressive and abr
discontinuation of iNO may lead to worsening oxygenation,?" the risk of delayed provision of ECMO must be considered carefully when determil
appropriate time of transfer.

Plans for the care and referral of these infants should incorporate the following recommendations.

» RECOMMENDATIONS

Infants with progressive hypoxic respiratory failure should be cared for in centers with the expertise and experience to provide 4 Top
multiple modes of ventilatory support and rescue therapies or be transferred in a timely manner to such an institution. Abstr
iNO therapy should be given using the indications, dosing, administration, and monitoring guidelines outlined on the product label - Recor
(http://www.fda.gov). An echocardiogram to rule out congenital heart disease is recommended. Center-specific criteria for
treatment failure should be developed to facilitate timely consideration of alternative therapies.

iNO therapy should be directed by physicians qualified by education and experience in its use and offered only at centers that are qualified to pr

b

v Refer
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Introduction

The Committee on the Fetus and Newborn studies issues and current advances in fetal
and neonatal care; makes recommendations regarding neonatal practice; collaborates
with the American College of Obstetricians and Gynecologists (ACOG) to consider peri-
natal issues on which the practices of obstetrics and pediatrics merge; and works cooper-
atively with ACOG on new editions of Guidelines for Perinatal Care.

Policy Statements

Advanced Practice in Neonatal Nursing
PEDIATRICS Vol. 123 No. 6 June 2009, pp. 1606-1607 (doi:10.1542/peds.2009-0867)
This policy is a revision of the policy pasted on June 1, 2003,

Age Terminology During the Perinatal Period

PEDIATRICS Vol 114 No. 5 November 2004, pp. 1362-1364 (doi:10.1542/peds.2004- 1915)
ation for this policy was published on January 1, 2009.

o for this policy was published on May 1, 2009.

The Apgar Score
PEDIATRICS Vol. 117 No. 4 April 2006, pp. 1444-1447 (doi:10.1542/peds.2006-0325)

A statement of reaffin for this policy was published on May 1, 2009.
This policy is a revision of the policy posted on July 1. 1996.

Apnea, Sudden Infant Death Syndrome, and Home Monitoring
PEDIATRICS Vol. 111 No. 4 April 2003, pp. 914-917

A statement of reaffirmation for this policy was published on September 1, 2007.
This pollcy is a revision of the plicy posted on July 1. 1985,

Controversies Concerning Yitamin K and the Newborn

PEDIATRICS Vol 112 No. 1 July 2003, pp. 191-192

A statemern saffirmation for this policy was published on September 1, 2006.
A sta on for this policy was published on August 1, 2009
This policy IS a revision of the policy posted on May 1. 1993,

Hospital Discharge of the High-Risk Neonate--Proposed Guidslines
PEDIATRICS Vol. 122 No. 5 November 2008, pp. 1119-1126 (doi:10.1542/peds.2008- 2174)
This policy is a revision of the policy posted on August 1, 1988,

Hospital Stay for Healthy Term Newborns
PEDIATRICS Vol. 113 No. 5 May 2004, pp. 1434-1436
This policy is a revision of the policy posted on October 1, 1995,

CLINICAL REPORT
"Late-Preterm” Infants: A Population Risk
PEDIATRICS Vol. 120 No. 6 December 2007, pp. 1390-1401 (doi:10.1542/peds.2007- 2952)

Levels of Neonatal Care
PEDIATRICS Vol.114 No. 5 November 2004, pp. 1341-1347 (doi:10.1542/peds.2004- 1697)

9/13/2010
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Noninitiation or Withdrawal of Intensive Care for High-Risk Newborns
PEDIATRICS Vol. 119 No. 2 February 2007, pp. 401-403 (doi:10.1542/peds.2006- 3180)
This policy is a revision of the policy posied on August 1, 1995,

CLINICAL REPORT

Perinatal Care at the Threshold of Viability

PEDIATRICS Vol. 110 No. 5 November 2002, pp. 1024-1027

This policy has been revised by the policy pc on July 1, 2009,
This policy is a revision of the policy posted on November 1, 1995,

CLINICAL REPORT
Postdischarge Follow-up of infants with Congenital Diaphragmatic Hernia
PEDIATRICS Vol. 121 No. 3 March 2008, pp. 627-632 (doi:10.1542/peds.2007-3282)

Postnatal Corticosteroids to Treat or Prevent Chronic Lung Disease in Praterm
infanis

PEDIATRICS Vol. 109 No. 2 February 2002, pp. 330-338

A siat of reaffirmaticn for this policy was published on May 1, 2006.

Prevention and Management of Pain in the Neonate: An Update
PEDIATRICS Vo!. 118 No. 5 November 20086, pp. 2231-2241 (doi:10.1542/peds.2006- 2277)
This policy is a revision of the policy posted on Fehruary 1. 2000.

Revised Guidelines for Prevention of Early-onset Group B Streptococcal (GBS)
Infection
PEDIATRICS Vol. 99 No. 3 March 1997, pp. 489-496

CLINICAL REPORT

Safe Transportation of Preterm and Low Birth Weight Infants at Hospital Discharge
PEDIATRICS Vol. 123 No. 5 May 2009, pp. 1424-1429 (doi:10.1542/peds.2009-0559)

This policy is a revision of the policy posted on May 1, 1996

CLINICAL REPORT

Surfactant-Replacement Therapy for Respiratory Dislrass in the Preterm and Term
Neonate

PEDIATRICS Vol. 121 No. 2 February 2008, pp. 419-432 (doi:10.1542/peds.2007- 3283)

This policy is a revision of the palicy posted on March 1, 1999,

tse of inhaled Nitric Oxide
PEDIATRICS Vol. 106 No. 2 August 2000, pp. 344-345
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Ventricular dysfunction clinical research in infants, children
and adolescents

Steven E. Lipshultz*

Division of Pediatric Cardiology, University of Rochester Medical Center and Children’s Hospital at Strong, and Department of
Pediatrics, University of Rochester School of Medicine and Dentistry, 601 Elmwood Avenue, Box 631, Rochester, NY 14642, USA

Abstract

These two issues of Progress in Pediatric Cardiology comprehensively illustrate the wealth of currently available information
on the pathophysiology of heart failure, age-related myocardial responsiveness, energy metabolism, cardiopulmonary interac-
tions, the pressure-volume relationship, the systemic inflammatory response, the management of heart failure, pediatric
pharmacology, the use of heart failure therapies including digoxin, ACE inhibitors, beta-adrenergic blockers, inotropic agents,
diuretics, vasodilators, calcium sensitizers, angiotensin and aldosterone receptor blockers, growth hormone, and future gene
therapy. The etiology and course of ventricular dysfunction in children is poorly characterized. Furthermore, many changing
developmental properties of the pediatric myocardium and differences in the etiologies of ventricular dysfunction in children
compared with adults are illustrated in these articles, invalidating the concept that children can safely be considered small
adults for the purpose of understanding heart failure pathophysiology and treatment. However, these articles reveal that
strikingly little research in children with ventricular dysfunction exists in terms of well-designed large-scale studies of the
epidemiology or multicenter controlled clinical therapeutic trials. A future research agenda is proposed to improve
understanding etiologies, course and treatment of ventricular dysfunction in children that is based on organized and funded
cooperative groups since no one pediatric cardiac center treats enough children with a particular etiology of ventricular
dysfunction. In conclusion, significant understanding of basic mechanisms of pediatric ventricular dysfunction and effective
therapies for adults with ventricular dysfunction exist. A multicenter pediatric cardiac ventricular dysfunction network would
allow improved understanding of diseases and treatments, and result in evidence-based medicine for pediatric patients with
ventricular dysfunction. © 2000 Elsevier Science Ireland Ltd. All rights reserved.

Keywords: Congestive heart failure; Pediatrics; Ventricular function; Cardiomyopathy; Clinical trials

1. Introduction

The pathophysiology and pharmacologic treatment
of ventricular dysfunction in infants, children, and
adolescents have been reviewed in these two issues of
Progress in Pediatric Cardiology. The large amount of
work by contributors to highlight pediatric issues de-
monstrates many unique and potentially important
aspects of ventricular dysfunction related to children.

*Tel.: +1-716-275-6096; fax: -+ 1-716-275-7436.
E-mail address: steve_lipshultz@urme.rochester.edu (S.E. Lip-
shultz).

These articles, however, also illustrate how little has
been done thus far to understand the pathophysiology
and pharmacotherapy of ventricular dysfunction in
this population. This summary of where the field of
pediatric ventricular dysfunction stands will review
unique aspects of pediatric research, challenges in the
study of children with ventricular dysfunction, and
principles of pediatric ventricular dysfunction. Tre-
mendous opportunities exist to advance our under-
standing in this area at an unprecedented pace. How-
ever, many obstacles need to be overcome, including
ourselves. I was recently approached by a respected
colleague who explained at great length why he could
not participate in an active double-blinded, placebo-

1058-9813/00/8$ - see front matter © 2000 Elsevier Science Ireland Ltd. All rights reserved.
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controlled clinical trial of therapy for asymptomatic
LV dysfunction in children because he just knew,
without the benefit of a controlled clinical trial, that
this was an effective therapy for his patients. Other
pediatric cardiologists have lectured at national meet-
ings stating it is sufficient to study, for example,
pharmacologic agents for ventricular dysfunction in
adults and, if benefit is found, use the drugs in chil-
dren with the same illness without clinical trials in
this age group. Some of the problems with this ap-
proach are that the disease processes resulting in
ventricular dysfunction are often different in children
than adults. Many pediatric conditions have no close
analogies in the adult. Secondly, the effects of the
intervention may be unlike those seen in adults. The
pharmacokinetics of many drugs vary with age and
their beneficial or adverse effects are different in
children and adults. Thirdly, children differ from
adults. Some therapies may not be tolerated by young
children because they are unpalatable or difficult to
administer. A final point is that, because the an-
tecedents of many adult diseases are thought to have
their origins in early life, studies in very young chil-
dren, and even antenatally, may identify strategies for
preventing diseases which have important public
health consequences [1].

Tremendous advances in pediatric cardiology with
catheter, surgical, and diagnostic procedures have oc-
curred during the past four decades [2]. Unfortu-
nately, the fields of prevention, therapeutics, and de-
cision analysis based on very limited or biased data
for all pediatric ventricular dysfunction have not kept
pace. A network of cardiologists willing to participate
and adequate funding for an infrastructural network
would facilitate research in this area.

2. The current status of clinical research in pediatric
ventricular dysfunction

2.1. Reliance on data from studies in adults

In many areas of pediatric practice, therapies have
been studied only in adults, and pediatricians must
consider whether it is appropriate to generalize from
adult to child. Although some pediatric cardiologists
have advocated that treatments proved effective for
adults with myocardial dysfunction be used in pedi-
atric patients based on data from adults this may not
be prudent without further testing.

There appears to be real differences in incidence,
implications, expectations, causes, treatment styles,
and prevention between children and adults with ven-
tricular dysfunction suggesting that for ventricular
dysfunction, children should not be considered ‘small
adults’. Known ventricular dysfunction occurs fre-

quently in adults and is extremely rare in childhood.
Yet, for children there are greater productive years
saved by preventing symptomatic ventricular dysfunc-
tion. There may be a higher potential for cure from
ventricular dysfunction in children than in adults. As
a result, the potential goal of pediatric therapy for
ventricular dysfunction is more likely to be curative in
intent, in contrast to the palliative intent of most
adult therapies. Ventricular dysfunction in children is
more likely to be due to genetic factors while in
adults exogenous exposures predominate. At this time
adult causes of ventricular dysfunction may be more
amenable to prevention than pediatric causes.

2.2. Reliance on anecdotal experience

The art of learning medicine as a series of clinical
anecdotes iIs important but an over reliance on anec-
dotal experience, to the exclusion of clinical research,
has pitfalls as well [3].

2.3. A lack of appreciation for the need to consider the
length of subsequent survival to understand disease
process and therapeutic response

The longer a patient remains with LV dysfunction
the worse the LV dysfunction becomes. Snapshot
studies examining a high-risk population for LV dys-
function at a single point in time are inadequate to
state that the population is normal or non-progres-
sive. Natural history studies of LV dysfunction are
particularly important in children where we have
found that the long length of subsequent survival
coupled with the need of the pediatric myocardium to
grow in response to increasing somatic growth may
result in accelerated progressive LV dysfunction. A
small amount of LV dysfunction early in childhood
may be particularly problematic later in life [4-40].

2.4. Paucity of data

The risk factors for (e.g. age, sex, ethnic origin and
geographic differences) and course of myocardial dys-
function in infants, children, and adolescents have
also been studied in a very limited fashion. Conse-
quently, the results of studies to examine the effec-
tiveness of therapies for the prevention, treatment, or
beneficial alteration of the subsequent course of pedi-
atric myocardial dysfunction are scarce. This is espe-
cially relevant for pediatric congestive heart failure
where essentially no prospective multicenter con-
trolled clinical trials have occurred. Yet, the conse-
quences of mild left ventricular dysfunction may be
more significant than in adults and due to growth and
length of future survival. Heart disease remains the
leading cause of death in the United States with

Ex. 2007-0437



S.E. Lipshultz / Progress in Pediatric Cardiology 12 (2000) 1-28 3

deaths from congestive heart failure on a steadily
upward course.

2.5. Lack of evidence-based medicine

The emerging discipline of research synthesis (evi-
dence-based healthcare) has led to greater awareness
of the need to evaluate critically what is already
known before either making recommendations for
clinical practice or embarking on further research
[41]. Evidence-based medicine is defined as the con-
scientious, explicit, and judicious use of current best
evidence in making decisions about the care of indi-
vidual patients. By highlighting the strengths and
weaknesses of clinical research in different speciali-
ties, this process of critical appraisal has shown that,
by comparison with situations in adults, research
questions relevant to the health of children may have
been addressed not at all or only by small, poorly
designed studies [42]. Reviews of randomized trials
published during a 15-year period in one specialist
pediatric journal showed that sample sizes were gen-
erally small (less than 20 in approx. one-half of the
studies), only a small proportion were multicenter,
and reporting of key quality indices was inadequate.
When subspecialty areas have been reviewed, the
conclusions have been similar. For example, one re-
view characterized recent advances in pediatric cardi-
ology that have led to improved outcomes for surgical
repair of complex cardiac malformations to clinical
trial-and-error and the common sense and accumu-
lated wisdom of astute clinicians, rather than to basic
science or epidemiology [42]. Clinical trial-and-error
can occasionally lead to serious errors.

The four steps involved in translating research into
practice include: (1) creating evidence through basic
science research, phenotype—genotype correlations
since different etiologies may lead to different pheno-
typic outcomes and a heterogeneous population is of
limited value, randomized controlled trials, and obser-
vational studies; (2) summarizing evidence by pub-
lished meta-analyses; (3) disseminating evidence by
clinical practice guidelines; and (4) implementing evi-
dence by clinical pathways [41].

The clinical effectiveness of therapy comes from
randomized controlled trials [43-45]. Observational
studies have several advantages over randomized,
controlled trials, including lower cost, greater timeli-
ness, and a broader range of patients. Although non-
randomized or observational studies have in the past
been criticized for bias related to overestimating the
true efficacy of a given therapy or leading to erro-
neous conclusions, recent comparisons to ran-
domized, controlled trials suggest little evidence that
estimates of treatment effects in well-designed obser-
vational studies (with either a cohort or a case-con-

trol design) are either consistently larger than or
qualitatively different from those obtained in ran-
domized, controlled trials [43-45]. These prior
concerns led observational studies to be limited in
their use to the identification of risk factors and
prognostic indicators and to situations in which ran-
domized, controlled trials would be impossible or
unethical.

The clinical data for non-therapeutic questions can
be derived from observational studies with long fol-
low-up periods to assess prognosis and from large
cross-sectional or cohort studies to evaluate the valid-
ity and importance of diagnostic tests [41]. The valid-
ity of a diagnostic test frequently relies on surrogate
endpoints rather than actual patient outcomes and its
utility is its ability to meaningfully effect patient out-
comes. Diagnostic tests are rarely evaluated in this
manner.

Problems encountered in translating research into
pediatric practice include a paucity of pediatric clini-
cal trials, underfunding of pediatric research, lack of
trained pediatric clinical investigators, frequency of
small underpowered studies, heterogeneity of studies,
inconsistency between meta-analyses and large ran-
domized, controlled trials, lack of awareness of exist-
ing efforts, access to evidence, information overload,
format not helpful, labor-intensive, expensive, and
waning effectiveness [41].

A schism exists between laboratory-based medical
scientists (who attempt to understand the biologic and
molecular processes underlying health and disease)
and epidemiologists (who try to assess health and
disease states [outcomes] in groups of human subjects,
exposure to factors that may increase or reduce the
likelihood of health or disease, and the causal rela-
tionship between these outcomes and exposures), as
well as between classical (population-based) and clini-
cal (patient- and clinical intervention-based) epidemi-
ologists [42].

Most pediatric subspecialists, including cardi-
ologists, have not acquired the methodologic skills in
research design and statistical analysis required to
conduct fundable, hypothesis-driven research. Good
science requires focus, depth, and a good question.
Rigorous methods should be coupled to substantive
expertise to ensure that the hypothesis tested is a
useful one. Good epidemiologic science is time-con-
suming and often quite expensive, especially when it
requires long-term follow-up. There are currently 1470
US board-certified pediatric cardiologists with approx-
imately 38 new members each year that trained in the
46 certified US centers [46]. Most centers graduate
1-2 physicians each year and over the past decade the
percentage of all pediatric cardiology graduates
choosing careers in full-time academic medicine has
fallen from nearly 65 to 40%, making it more
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concerning whether research in pediatric cardiology
will expand in the coming years without an organized
research infrastructure [47]. An annual account of
research grants funded by the NIH in 1998 showed
that the number awarded on topics related to pedi-
atric cardiology to be 117 [48]. Yet, only nine of them
involved a pediatric cardiologist as the project’s prin-
cipal investigator [48]. This is occurring at a time
when laboratory-based discoveries of new preventive
or therapeutic interventions will continue to require
demonstration of efficacy and safety in randomized
trials. Although more and better epidemiologic stud-
ies are needed, so too are laboratory investigations
that can confirm or undermine the associations
observed in human populations, and explain the
biochemical and cellular processes underlying them.
Kramer points out that the future of pediatric re-
search will depend on the collaboration of basic scien-
tists and epidemiologists [42]. He cites as an example
the use of molecular and other biologic markers that
cannot only provide more valid and precise measure-
ments of potentially causal exposures and disease
outcomes but can also be used to assess causal mech-
anisms and pathways [42].

The 1990 US Department of Health and Human
Services report entitled ‘Healthy People 2000’ noted
that heart disease was among the five most common
causes of death in childhood at any age [49]. An
official policy report approved by the Board of Direc-
tors of the American Heart Association and written
by the Task Force on Children and Youth of the
American Heart Association noted that cardiovascu-
lar disease occurs more often in children than is
generally appreciated [50,51]. More than 600000 chil-
dren in the United States have an abnormality of the
cardiovascular system, including at least 40000 whose
life expectancy is shortened by an acquired disease
such as cardiomyopathy. The annual cost of pediatric
cardiovascular disease is > $8 billion in medical ex-
penses and lost contributions to the gross national
product. Cardiomyopathy accounts for an increasing
number of the pediatric cardiac transplants. Genetic
abnormalities in contractile proteins or energy-pro-
ducing enzymes, among others, cause cardiomyopathy
that becomes manifest in adulthood. Recent advances
in genetics allow molecular diagnoses in fetal life.
This report acknowledges that cardiomyopathy in
children is increasing, and while the prevalence is
unknown, ‘Eventually more precise classification
based on genetic advances will allow detection of
people at risk and provide information about the basis
of the disease.... With improved understanding of
precise etiology, more effective and specific treatment
can be developed’ [50,51].

Children represent one-third of the United States
population, yet they are virtually unrepresented in

cardiovascular research. A paucity of funding for such
research, including cardiomyopathy, is related in part
to the small number of pediatric cardiovascular scien-
tists. According to the Manpower Advisory and Pedi-
atric Cardiology Committees of the American College
of Cardiology, there were < 1000 certified specialists
in pediatric cardiology in the United States in 1994,
almost all of whom were centered on patient care and
diagnostic or interventional techniques [52]. Only a
limited number of them devoted a substantial effort
to either clinical or basic biomedical research; fur-
thermore, such research was largely retrospective, de-
scriptive, and not controlled. Only 3% of responding
certified pediatric cardiologists had completed > 22
months of research training, suggesting that the
growth of basic and clinical sciences within the field is
limited. This was similar to a prior manpower study of
pediatric cardiology that demonstrated that 20 years
earlier only 6% of professional activities were devoted
to research [53].

Cooperative groups in pediatric cardiology have
been helpful at achieving research goals. The Pedi-
atric Cardiomyopathy Registry, for example, has in-
creased the likelihood of collaboration and research,
since it allows prospective capture of cases and, in this
era of molecular biology, permits new techniques to
be applied to the study of pediatric cardiomyopathy
[54]. It is hoped that many advances in the prevention,
diagnosis, and treatment of cardiomyopathy in the
young will be realized by the Registry. The field of
pediatric cardiology has always worked well together
on multicenter studies and registries. As evidenced by
their publications, many of the most important clini-
cal advances in pediatric cardiology have been done
in the setting of multicenter studies, such as the New
England Regional Infant Cardiac Program, the United
States Multicenter Kawasaki Study Group, the Pedi-
atric Cardiac Surgical Registry, the Northern Great
Plains Regional Cardiac Program, the Balti-
more—Washington Infant Study, the Electrophysi-
ology Study Group, the Valvuloplasty and Angioplasty
of Congenital Anomalies Registry, and the Pediatric
Heart Transplantation Study Group.

Decoding the human genome will trigger develop-
ments that will change our daily lives [55-57]. The
finding of genes responsible for diseases will require
phenotypically well characterized populations of af-
fected patients to determine patients whose genotypes
reveal homogenous defects at high risk of disease and
then to test etiology-specific therapies on these popu-
lations. Indeed, even at this time single-nucleotide
polymorphisms of different genes can be studied by
CHIP technology and determine, for example, whether
a patient with ventricular dysfunction is likely to
decline rapidly on standard drugs for the condition,
and hence might need more aggressive treatment.

Ex. 2007-0439



S.E. Lipshultz / Progress in Pediatric Cardiology 12 (2000) 1-28 5

Dr Francis Collins, director of the Human Genome
Research Institute, recently said at the 2000 AAP
meeting that understanding the human genome will
result in routinely predicting and preventing diseases,
and treating patients with highly potent designer drugs
tailored to their own genes. Collins said ‘It’s going to
have a profound impact on the practice of medicine
and probably nowhere more so than in pediatrics.
Virtually all diseases have a genetic component and
having the genome will accelerate finding genes for
varied diseases.” Collins predicted that by 2010 there
will be predictive genetic tests available for at least 10
disorders and treatments to lower risks for several
conditions. By 2020 he predicted gene-based designer
drugs targeted to the molecular fingerprint of the
patient’s problem will be available and doctors will be
ordering genotype tests on patients before writing
prescriptions. By 2030 Collins stated that individual-
ized preventive medicine keyed to a person’s genetic
profile will be routine, infants will be tested at birth,
and gene therapy and gene-based drug therapy will be
available.

2.6. Lack of well-designed pharmaceutical industry
sponsored studies

Pharmaceutical company placebo-controlled trials
have been inadequately performed in children in the
past. Prescriptions (25%) in pediatric wards were for
drug courses that were either unlicensed or for off-
label uses. In neonates, only 35% of prescription
episodes were licensed [1]. Industry objectives are
frequently more short-term in duration or low cost
(e.g. survey data assembly if possible) to meet FDA
requirements. However, a large increase in industry-
sponsored pediatric drug trials is currently underway
due to a new federal law and new FDA regulations
that 2 years ago began requiring the pharmaceutical
industry to test the effects of many adult products on
children (pediatric drug-study proposals filed with
FDA, 1999-2000: 184, expected number completed:
150). In December 2000 the FDA will require pedi-

Table 1

atric study of any adult disease-fighting drug that
could be prescribed for children with the same dis-
ease. This is expected to increase the number of US
children in clinical drug trials from < 1000 in 1990 to
18000 by 2002. Prior to this legislation there were
very few pediatric drug-study proposals filed with the
FDA (1991-1997: 70, number completed: 11) [58-62].

3. The necessary clinical research agenda in pediatric
ventricular dysfunction

3.1. Understanding heterogeneous etiologies in children

When trying to understand the proper therapy for
children with ventricular dysfunction it is usually im-
portant not to view the child as a small adult and
extrapolate the effects of ventricular dysfunction ther-
apy for adult ischemia or post-infarction patients to
the child where a multitude of non-ischemic, non-
post-infarction etiologies exist. For example, in the
article on angiotensin-converting enzyme inhibitors in
this issue we reviewed the effects of this therapy
based on the pathophysiology of the condition and
found different reported effects of this therapy [63]. A
goal is to have effective individualized, etiology-
specific therapeutics. An individualized therapeutic
approach, based on the etiology of ventricular dys-
function and possibly other factors, such as drug
levels or the levels of neurohormones, could result in
major progress in treating these patients. We have
examined the effect of growth hormone replacement
therapy in pediatric LV dysfunction following anthra-
cycline therapy over a 10-year period and found that,
unlike adults with LV dysfunction from other etiolo-
gies, there was not an improvement in LV dysfunction
on growth hormone therapy compared to controls
[64]. This suggests that the etiology is extremely im-
portant in determining whether the therapy will work.
Similar to etiology-specific therapies for children with
ventricular dysfunction we have utilized a similar eti-
ology-specific preventive approach for pediatric

Detection of doxorubicin cardiotoxicity during therapy by cause and comparison to late cardiotoxicity

Cause of
cardiotoxicity

During therapy
echocardiogram

Depressed energetic -2
(mitochondrial)

Cytokine myocardial -2
depressant

Apoptosis +

Free radical injury -1

Myocarditis -2

During therapy Late

serum c¢TnT" echocardiogram
0 +

0 —

+ -1

> +1 > -1

+2 2 -1

¢TnT, cardiac troponin T.
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patients about to receive multiagent chemotherapy
that includes doxorubicin. Current protocols employ
multiagent cardioprotection targeted against specific
etiologies of cardiotoxicity with the goal of no cardiac
injury (Table 1).

Although dilated cardiomyopathy (DCM) may be
caused by > 75 different disorders, the etiology in
most cases is unknown (idiopathic). The course of
DCM, almost regardless of etiology, is usually pro-
gressive (Fig. 1), with approximately 75% of these
children dying within 5 years after the onset of symp-
toms. Most reports give 1- and 2-year mortality esti-
mates of 25 and 40%, respectively. The cause of death
in approximately 80% of cases is evenly divided
between sudden cardiac death and congestive heart
failure (CHF). Some authors believe that adults who
survive more than 2 or 3 years have relatively good
long-term survival, but no data have been reported in
children. However, the natural history of incidentally
discovered, asymptomatic DCM in adults cannot be
considered a benign diagnosis, with a 7-year mortality

rate approaching 50%, suggesting that an aggressive
approach to the diagnosis and treatment of asympto-
matic patients with DCM is clearly warranted (Fig. 1).
Small single center series of pediatric DCM ranging
from 24 to 81 children have suggested 14 factors
predictive of poor outcomes: decreased LV systolic
performance at presentation, persistent decreased LV
systolic performance, a more spherical LV shape, an
elevated LV end-diastolic pressure, increased LV
mass, increased cardiothoracic ratio on chest radio-
graph, mural thrombi, age > 2 years, no LV hypertro-
phy by electrocardiogram (EKG), endocardial fi-
broelastosis, complex atrial or ventricular ar-
rhythmias, persistent CHF, ST and T wave changes on
EKG, a family history of cardiomyopathy. Most of
these factors varied or were in conflict between these
different studies making it impossible to understand
risk factors for a poor prognosis in children with
cardiomyopathy at this time. A report of 137 children
with cardiomyopathy in Turkey from 1984 to 1989
noted that DCM improved or normalized for 38.5%,

Stages in The Course of Pediatric Ventricular Dysfunction

Insidious
(Asymptomatic)

8

Congestive/Low-output Advanced/
(Symptomatic) Refractory
(Severe)

[ N\

Asymptomatic

> Cardiomyopathy

1 2
Risk »| Myocardiocyte > Maladaptive
Factors injury or changes
l impairment

o Reduce Risk Factors
Examples of High Risk Populations:
1. Anthracycline therapy
2. Chronic Renal
Failure
3. HIV infection

Early Diagnosis
Stage Syndrome Severity

Toxic

a. anthracycline

b. radiation

2. Infectious/
Inflammation
Myocarditis

3. Metabolic/
Genetic

4. Nutritional

Preventive Strategies:

Screening High Risk (e.g. genetically identified) Populations
Diagnose Etiology/Precipitating Problems

Institute Disease Specific Therapies

|| Heart
failure

Continuing
Morbidity

Pump
failure
Clinically
significant Sudden
conduction death
and rhythm
abnormalities
Radical Therapies
e Transplant
(Ortho/hetero)

e Ventricular
Assist Device
(Bridge/perm)
¢ Chronic
Parenteral inotrope
¢ “Batista” surgery
L. Cardiomyoplasty

Progressively less effective as the number increases. Primary prevention is possible at number 1.

Secondary prevention is possible at numbers 2, 3, and 4.

Treatment Strategies:

Biomarkers/Surrogate Endpoints:

Greater impact with higher numbers but longer effects with lower numbers. Treatment is possible at
numbers 4 and 5 to reduce sequelae.
Potentially more useful with lower numbers for alteration of course with interventions. Potentially more

useful with higher numbers for decisions about transplantation.

Fig. 1. Stages in the course of pediatric ventricular dysfunction. The identification of risk factors and high risk populations for ventricular
dysfunction are highlighted where their use may lead to preventive or early therapeutic strategies. The determination of etiology may lead to
etiology-specific therapies. The numbers 1-35 indicate stage-related points of intervention for preventive and therapeutic strategies and where

biomarkers and surrogate markers may be used.
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DCM remained stable or worsened for 50%, and
11.5% of children died; numbers that are virtually
identical to the mean values for these parameters
from all studies from more developed countries such
as the United States, Canada, and England during
similar time periods. This suggests that the enormous
intensive and invasive resources spent on the treat-
ment of children with DCM in more developed na-
tions may not have had a significant impact on the
morbidity or mortality of pediatric DCM, mandating
the need to more completely understand the course,
causes, factors predictive of adverse clinical outcomes,
and newer etiology-specific therapeutics.

We have found that, in spite of large resources and
advanced technology, the prognosis of DCM in devel-
oped nations is no better than in developing nations
[65]. Furthermore, there has not been a significant
improvement in outcome for DCM in children in
published studies over the past four decades. We have
been involved with studies of the myocardium from
children with idiopathic dilated cardiomyopathy that
specifically investigated disturbed myocardial energet-
ics. We found a high percentage of these patients had
abnormal mitochondrial enzyme function, mitochon-
drial deletions, or mitochondrial mutations [66,67].
This suggests that treating all children with sympto-
matic ventricular dysfunction in a similar fashion,
regardless of etiology, may be detrimental since in-
otropes, for example, may not be the most efficacious
therapy for a child with disturbed myocardial energet-
ics from mitochondrial genetic or environmental
abnormalities.

3.2. Understanding developmental differences in
pharmacokinetics

Little is known about cardiovascular drug
metabolism in children and this has implications for
predicting clinically important drug interactions with
the potential for either excessive drug exposure, ef-
fect, and toxicity or decreased drug exposure and loss
of drug effect [58—-62]. Historically this has been due
to ethical, economic, regulatory, and technical issues.
Dosing children by scaling adult doses based on body
weight or surface area does not account for develop-
mental changes that affect drug disposition (phar-
macokinetics) or tissue/organ sensitivity to a drug
(pharmacodynamics). The pharmacologic impact of
these developmental changes is uncovered when un-
expected or severe toxicity leads to pharmacologic
studies [68,69]. Children metabolize drugs differently
than adults. Therefore, drugs must be assessed in
children in terms of increased risk of toxicity and
reduced efficacy because they may act differently in
children than in adults. We need earlier evaluation of

drugs and approaches to make access available as
soon as possible. In oncology, for example, in the past
20 years there have been 34 new drugs approved for
use in adult cancers, but only one new drug approved
to treat cancer in children [58]. Most FDA-approved
drugs simply state ‘safety and effectiveness in pedi-
atric patients have not been established.’

Some of the goals of using combination therapy in
children with ventricular dysfunction include: (1) To
reduce morbidity and mortality with improved quality-
of-life; (2) To treat different mechanisms contributing
to ventricular dysfunction; (3) To treat for different
effects (e.g. drugs to prevent functional deterioration,
drugs to reduce mortality, and drugs to control symp-
toms); (4) To decrease underlying disease complica-
tions; (5) To reduce treatment toxicity by using lower
doses; (6) To increase patient compliance; (7) To
reduce drug dosage or dosing interval, and (8) To
provide rational prescriptions (fewest drugs, fewest
side effects, maximal compliance, and minimal cost).

3.3. Understanding unique aspects of pediatric
recruitment, retention, compliance, and adherence with
clinical studies

Children and their families have many unique is-
sues regarding compliance, recruitment, and retention
that have been challenging in pediatric studies of LV
dysfunction [70~75]. Specific pediatric trial strategies
for compliance, recruitment and retention must be
developed. Some areas in need of further develop-
ment and understanding to improve recruitment, re-
tention, compliance, and adherence with clinical stud-
ies of ventricular dysfunction include supportive care,
adolescent /young adult special issues, when the in-
tention is not curative to stress the participation of
the patient and family in the decision-making process,
strategies to facilitate return to normal life, improve
health-related quality-of-life and self esteem, quantity
of life vs. quality of life tradeoffs, end-of-life
care issues, minority affairs, underserved populations,
alternative therapies, understanding, motivations,
expectations, coping, fatigue, self-help, caregiver
demands and level of burden, family financial burden,
dietary factors, strategies to improve access to state-
of-the-art therapy, diffusion into the community of
knowledge in this area, develop rational surveillance
and monitoring schedules for survivors of pediatric
heart failure (determine effectiveness and cost-ef-
fectiveness), transition of care from pediatric cardi-
ology to adult cardiology, greater understanding of
health service outcome issues such as patient volume,
payer differences, academic vs. other settings of care,
protocol vs. no protocol care, race and ethnic issues
and cultural factors.
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3.4. Development of risk factors for pediatric ventricular
dysfunction

Fig. 1 shows that the identification of risk factors
for cardiomyopathy can help identify high risk popu-
lations that through screening may lead to: (1) early
diagnosis, institution of disease-specific therapies, and
alteration of the course of the disease and to; (2)
primary prevention of disease by targeted strategies.
Fig. 2 demonstrates independent risk factors identi-
fied in multivarible analyses of childhood anthracy-
cline recipients [6,12,14,30]. Fig. 2 illustrates that simi-
larities exist between risk factors for early cardiotoxic-
ity during anthracycline therapy [14,30] and risk fac-
tors for late cardiotoxicity in anthracycline-treated
long-term survivors of childhood cancer [6,12]. The
importance of long-term longitudinal follow-up of high
risk populations such as this to determine indepen-
dent risk factors for late clinically significant out-
comes cannot be overstated.

3.5. Development of clinically significant surrogate
endpoints

Methodological difficulties that relate specifically to
research in children include measuring clinically rele-
vant outcomes. Where death is unlikely, or where
research is done in the hope that it will benefit the

Higher

Cumulative African-

Early Cardiotoxicity

Trisomy-
2

1
NA NA

participants, outcomes which may be surrogate mark-
ers for death are frequently used. The importance of
identifying high-risk groups that may be detected early
by validated biomarkers and surrogate endpoints can-
not be overstated. Examples are p24 antigen and CD4
counts in HIV infection. These surrogate markers
have many flaws and their ability to predict death has
generally been established only in adults and the
associations may be different in children. We have
found that subclinical myocardial injury measured by
serum cardiac troponin indicates that a low level of
injury during doxorubicin treatment frequently trans-
lates to considerable echocardiographic abnormalities
later in life (Table 1 and Fig. 3) [20,26,28,36,76-84].
Surrogate biomarkers have been useful for drug
development and clinical safety assessment. A
plethora of technological and conceptual advances in
molecular biology and medicine, genetics and
genomics, and related research has opened significant
opportunities for development of an abundance of
new therapies. These opportunities provide a chal-
lenge to the assessment of the safety and efficacy of
these new candidate therapies. The current status of
toxicology biomarkers in pediatric heart failure drug
development and clinical safety assessments is in its
very carly development. A surrogate biomarker is
defined as a reliable tool or measure that allows one
to monitor and predict that exposure to a drug or

Increased -
Length of
Follow-up
\ / NA
\

Lv
Dilation

Decreased
LV Wall
Thickness

Depressed
Lv
Contractility

* Depressed LV

Fractional Shortening
* Late Cardiotoxicity

Fig. 2. Risk factors for the development of anthracycline-associated pediatric ventricular dysfunction. The upper part of the figure summarizes
independent risk factors identified in multivariable analyses for early clinical cardiotoxicity developing during or in the first year following
anthracycline therapy in > 6000 children treated on Pediatric Oncology Group protocols from 1974 to 1990 [14,30]. The lower part of the
figure demonstrates the independent risk factors for late cardiotoxicity developing > 2 years after the completion of anthracycline therapy in
children treated for ALL or osteosarcoma. Median follow-up was 8 years [12]. The relation of these risk factors from late cardiotoxicity to the
echocardiographic abnormalities found in these patients is illustrated and suggests two independent mechanisms of injury, each with distinct

risk factors [12].
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1. Can cTnT elevations, with developmentally regulated isoform diversity, be measured in children of
all ages? Yes. ¢

2. Do cTnT levels correlated with known seventy of myocardial injury in children? (A positive control
group). Yes. i

3. IscTnT absent in children without myocardial injury? (A negative control group). Yes.

4. Low cTnT levels may be important in children. The analytic validity/sensitivity of the ¢TnT assay at
low levels was established

v

5. Is ¢TnT elevated in children receiving doxorubicin? Low level cTnT elevations noted.

.

6. What is the time course of ¢cTnT elevations in children receiving doxorubicin? A serial time course
study was conducted.

7. Do c¢TnT elevations in children receiving doxorubicin relate to late echo abnormalities? A
correlative study with 1 year of follow-up was conducted and showed significant correlations.

8. What is the specificity of doxorubicin associated cTnT elevations for myocardiocyte injury?
Immunochistochemistry using the ¢TnT antibody from the assay demonstrated ¢cTnT leaving
doxorubicin injured rat myocardiocytes.

.

9. Does a doxorubicin dose-cTnT elevation relation exist? A dose response effect was demonstrated in
rat heart. L

10. Does a doxorubicin histologic injury score (a gold standard)-cTnT elevation relation exist? Blinded
histologic scoring and ¢TnT measurements correlated significantly in rat heart.

—

. Will agents known to be cardioprotective against doxorubicin cardiotoxicity result in reduced cTnT
elevation? Yes in the rat heart. We remain blinded in active randomized clinical trials in children.

12. Will the magnitude or timing of cTnT elevations correlate with late echo abnormalities, symptomatic
heart disease or cardiac mortality in doxorubicin-treated long-term survivors of childhood cancer?
Such studies are in progress.

Fig. 3. Stages in the validation of serum cardiac troponin T as a biomarker of doxorubicin cardiotoxicity during therapy and as a surrogate
endpoint for late doxorubicin cardiotoxicity in long-term survivors of childhood cancer. This figure illustrates the 12 stages we have
undertaken during the past 6 years to determine whether elevations of serum cardiac troponin T represent doxorubicin myocardiocyte injury
during therapy and whether these elevations during therapy can predict which children will have late doxorubicin cardiotoxicity. If that is
found then cardiac troponin T would be validated as a surrogate endpoint for late doxorubicin cardiotoxicity. A multidisciplinary multispecies

approach has been utilized [20,26,28,36,76-84].

environmental chemical may result in harm, illness, or
pathology. Particular emphasis is on the demonstra-
tion that biomarkers can serve as early predictors of
adverse effects and on the development of technologi-
cal approaches to find more and better toxicology
biomarkers.

High throughput technologies are enabling produc-
tion of large numbers of new chemical entities to be
evaluated as target-specific candidate therapies. Im-
proved safety evaluation methods are needed to pro-
vide preclinical and clinical toxicity testing in an ef-
ficient and timely fashion. The use of biological mark-
ers, or biomarkers, defined as characteristics that are
objectively measured and evaluated as indicators of

normal biologic processes, pathogenic processes, or
pharmacologic responses to a therapeutic interven-
tion, is one approach to enhance toxicity testing.
Mass spectroscopy, cDNA microarray, protein ex-
pression, and imaging technologies are examples of
basic discovery tools that may serve as platforms to
evaluate predictive biomarkers of toxicity. These fun-
damental research discovery tools now provide oppor-
tunities to develop highly efficient assay systems to
establish specific and sensitive indicators of cellular
and molecular injury. For example, biomarkers may
represent components of cell signaling pathways for
apoptosis, growth factors, cytokines, and chemokines,
and xenobiotic metabolic pathways. Establishment of
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the linkage of biomarkers to clinical features of toxic-
ity is critical to their application in drug safety testing.

Harnessing new technologies for toxicology testing
will be expedited by cooperative efforts among gov-
ernment, universities, and private industry partners.
These interactions will facilitate the development of a
technology and information-based infrastructure that
will support the standardization of testing methods,
validation of assay systems, establishment of
databases, and development of statistical analyses that
are needed to better characterize toxicity biomarkers
and establish linkage of biomarkers to clinical fea-
tures of toxicity. These are critical to their application
for drug safety testing.

The validation of a biomarker as a surrogate end-
point for children at risk of developing ventricular
dysfunction is a long and consuming process. We have
employed a multispecies, multidisciplinary approach
to determine whether measurement of serum cardiac
troponin T during doxorubicin therapy for childhood
cancer can be considered a surrogate endpoint for the
late echocardiographic abnormalities found in these
patients when they become long-term survivors (Fig.
3) [20,26,28,36,76-84]. Not all cardiac abnormalities
measured during therapy would be expected to relate
to late echocardiographic abnormalities in this popu-
lation (Table 1).

The use of biomarkers to tailor therapy based on
mechanisms of injury for an individual child with
unexpected new onset symptomatic ventricular dys-
function is a useful goal. Elevated serum cardiac
troponin T indicates active myocardiocyte injury. In
this setting such injury most likely represents infec-
tious or inflammatory causes resulting in myocarditis.
Recent work by Towbin and colleagues suggests that
a positive PCR viral panel predicts subsequent ad-
verse clinical outcomes following pediatric heart or
lung transplantation [85-87]. Table 2 shows an exam-
ple of a testable treatment strategy based on the
presence or absence of active myocardiocyte injury, as
measured by serum troponin, and the presence or
absence of viral myocardial genome, as measured by
PCR. This strategy, and others like it, may allow
pediatric cardiologists to focus research efforts on
whether etiology-specific therapies offer an advantage
in outcome over anticongestive therapy alone.

Table 2
Testable treatment strategies for children presenting with congesti

The use of a biomarker for myocardiocyte injury,
like serum cardiac troponin T, that may become a
validated surrogate endpoint, allows for the identifi-
cation of high-risk populations where subsequent LV
dysfunction is likely to occur. We have found that 8%
of young children presenting with acute, presumed
viral, illnesses had evidence of active myocardial in-
jury [88]. Similarly, we found that children with chronic
renal failure frequently have active myocardial injury
that relates to potentially modifiable factors [89,90].
Recently, we found that pediatric heart transplant
recipients have myocardiocyte injury that does not
necessarily correlate with histologic rejection [37].
Terbutaline cardiotoxicity for childhood asthma was
found by us to be less cardiotoxic than previously
thought by using serum cardiac troponin T [38].

The stages of biomarker development as a valid
surrogate endpoint in pediatric patients at risk for
ventricular dysfunction is illustrated in Fig. 3. The
validation of a single biomarker, cardiac troponin T,
as a surrogate endpoint for late doxorubicin car-
diotoxicity has been a long and involved process
[20,26,28,36,76-841.

Myocardiocyte injury may occur from disease or
during therapy of childhood cancer. Injury should be
detectable by screening for cardiac troponin-T, a my-
ocardiocyte-specific contractile protein not normally
present in serum except with myocardiocyte injury.
Myocardiocyte injury in children with ALL relates not
only to doxorubicin, but to other factors as well [79,80].
Low-level myocardial injury occurred in nearly 29%
of doxorubicin-treated patients [79,80]. For patients
with higher cardiac troponin T elevations, chronically
active myocardiocyte injury over weeks to months was
frequently noted [79,80]. Strategies to prevent or re-
duce cardiac injury during treatment for childhood
cancer may be targeted, including individualized in-
terventions, based on cardiac troponin T elevations.

Normal LV function does not indicate a lack of
myocardial injury or damage (Table 1). The use of
surrogate markers of subclinical disease is helpful
since large sample sizes are needed to achieve end-
points of heart failure or death resulting in problems
with recruitment and retention to conduct a placebo-
controlled trial. Standard definitions of abnormal sur-
rogate endpoints are imperative if they are to be

ve heart failure

Viral polymerase chain reaction panel + - -
Serum cardiac troponin + - + -
1. Immunomodulatory therapy + - + -
2. Anti-infective therapy + + - -
3. Anti-congestive or anti-remodeling therapy + + +
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adopted on a global basis. The pharmacokinetics of
therapy and its pharmacodynamic outcome are impor-
tant to consider when evaluating surrogate endpoints.
Dose-response, add-on, sequential dose-escalation, or
cross-over study designs may be useful in studies
employing surrogate markers if the underlying disease
or condition is stable (and often it is not in this
population). Multi-arm and factorial study designs
might explore dose and duration of tested therapies
and the exploration of trends might be useful when
surrogate markers are used. The use of a tiered
approach to assess both the surrogate outcomes and a
cluster of clinical related outcomes may also be help-
ful. The surrogate endpoints considered many times
reflect the mechanism of action of the study drug.
Studies that use clusters or composites of clinically-
unproven outcomes for this patient population that
are perhaps biologically related and may be affected
by the same mechanism of action of the study drug
are not acceptable. Unless the surrogate outcomes
used are clearly reliable it becomes necessary to inter-
pret results with extreme caution unless consistent
results are observed on a range of related outcomes
and even then the size of the treatment effect may be
substantially overestimated. It is unclear whether in
children with ventricular dysfunction, where there are
multiple hormonal, nutritional, neurologic, and car-
diovascular effects, among others, whether surrogate
endpoints that have been validated in adults with
ventricular dysfunction are also valid. Changes in
surrogate markers should reflect changes in clinically
meaningful endpoints such as heart failure or death
for the surrogate marker to be valid. Surrogate end-
points that assess health-related quality-of-life are
important. For example, if the use of a experimental
therapy for pediatric ventricular dysfunction reduces
non-fatal endpoints or events such as symptoms, de-
creases recurrent hospitalizations, or increases func-
tional status, and that may be the only achievable
goals for many of these patients, then the therapy’s
overall benefit to the patient may exceed its effects on
objective surrogate markers of clinically significant
outcomes.

3.6. Investigate the course of evolving disease processes

Fig. 1 reviews the stages in the course of pediatric
ventricular dysfunction. The course is often followed
by echocardiographic measurements of LV structure
and function. The careful use of these measurements
have enabled us to understand the mechanical mech-
anisms of developing ventricular dysfunction in dif-
ferent affected pediatric populations [11]. In children
with HIV infection we have found that there are
abnormalities of fractional shortening and contractil-

ity that independently predict mortality years before it
occurs [39]. In this same population we found that
inappropriately increased ventricular wall thickness or
mass were also independent long-term predictors of
mortality by different mechanisms [39]. This is in
sharp contrast to anthracycline-treated long-term sur-
vivors of childhood cancer where we observed that
inappropriately reduced ventricular wall thickness was
the leading cause of late ventricular dysfunction by
increasing ventricular afterload (Fig. 2) [6,12]. In chil-
dren with chronic renal failure, ventricular dysfunc-
tion appears related in part to increased sympathetic
cardiac tone [89,90]. Understanding the significance of
measurements of ventricular structure and function is
enhanced by considering a number of pediatric-
specific issues including the normalization of echocar-
diographic measurements to age, body surface area,
sex, and race /ethnic origin [12,91]. It becomes impor-
tant to understand the effects of mechanical load and
its potential implications for treatment options.
Testable treatment strategies include whether all chil-
dren with ventricular dysfunction should be treated
similarly or whether afterload reducing strategies may
be more beneficial for a child with ventricular dys-
function on the basis of elevated afterload with nor-
mal contractility and whether contractility enhancing
strategies may be most appropriate for a child with
ventricular dysfunction due to depressed contractility
but normal loading conditions. We have found that in
long-term survivors of childhood cancer treated with
mediastinal radiation that many cardiac abnormalities
are present including diastolic dysfunction with a re-
strictive cardiomyopathy [92]. Studies that have limited
their assessment to global LV systolic performance
have concluded that this is a population free of late
dysfunction. The importance of understanding the
comprehensive cardiovascular status of this high-risk
population is clear and is the only way the patient’s
cardiac health will be accurately assessed.

3.7. Understanding that serious disability or death as
endpoints are rare with intermediate follow-up

Genetic disorders that may lead to serious disability
or death in childhood are rare and therefore there is
difficulty in using objective clinical outcomes in pedi-
atric research studies. Death is objective and has the
advantage of being dichotomous but for most child-
hood illnesses death is unusual so very large sample
sizes would be required.

3.8. Understanding what congestive heart failure is
For childhood congestive heart failure the diagnosis

is often subjective or confounded by being linked to
measurements of ventricular systolic function which
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poses problems when establishing selection criteria or
endpoints for clinical trials.

3.9. Understanding functional status and quality of life

There are few validated age-appropriate instru-
ments. Quality-of-life assessment should be an impor-
tant outcome in clinical trials. A recent review of nine
quality-of-life measures developed for children found
them to be insufficiently child-centered or family-
focused, and few had been adequately validated or
subjected to tests for reliability or responsiveness to
change [1]. In one study we conducted of patient-per-
ceived functional status of long-term survivors of
childhood cancer treated with anthracyclines, we
observed that the patients who had received the high-
est cumulative doses of anthracyclines and, as a re-
sult, had the worst ventricular function complained
the least of decreased functional status but were the
most impaired [6]. This is a complex and important
area that needs more development. It is also impor-
tant that as new therapies are tested in asymptomatic
patients that quality-of-life be assessed to ensure that
experimental therapies focused on treating ventricu-
lar dysfunction do not adversely affect overall quality-
of-life.

3.10. Understanding development and progression of
disease

It is only by studying the long term course of
children with, or at risk for, ventricular dysfunction
that we will be able to identify the genetic variations
and environmental factors that predispose individuals
to the development of heart disease and their subse-
quent modification [34]. We have found that even the
fetal maternal environment may exert strong and last-
ing adverse effects on ventricular structure and func-
tion in infants and children, suggesting that long
follow-up of at-risk populations should not only be
thought of at the time of diagnosis of ventricular
dysfunction, but also during the preceding time inter-
val [17,93-96].

3.11. Proposed research in pediatric ventricular
dysfunction

The relation of future research in pediatric ventric-
ular dysfunction to existing guidelines in this area
from the literature will be explored in this section. In
addition, the ability of the NHLBI-supported Pedi-
atric Cardiomyopathy Registry to facilitate these re-
search objectives is listed [54].

The NHLBI Report of the Task Force on Research
in Heart Failure published in May 1994 specifically
suggests the formation of a national cardiomyopathy
registry to encourage the establishment of working

groups of scientists to: (1) investigate the genetics of
cardiomyopathy by exchanging patient material, de-
veloping new genetic probes for candidate genes, and
organizing a central center for data analysis: (2) inte-
grate basic and clinical studies by using the availabil-
ity of human cardiac tissue to elucidate the natural
history of the biochemical and physiological changes
that occur during the progression to heart failure and
utilize this to monitor therapeutic interventions; and
(3) create a national myocardial tissue bank to coordi-
nate the distribution of tissue to facilitate studies of
the pathophysiology of clinical heart disease. The
report states that heart failure is a major and growing
health problem in the United States; yet, scientists
are at the brink of making major advances that could
control this condition and reduce the toll of heart
failure. The conclusion of the executive summary
specifically calls for research on the genetic and cellu-
lar causes of heart failure and the development of a
preventative strategy that includes identifying patients
at risk of heart failure, both of which should be
accelerated by the Pediatric Cardiomyopathy Registry
[54]. Some of the specific recommendations noted
throughout the report that are addressed by the
Registry include the following:

e Use specific gene mutations associated with, and
presumed responsible for, different cases of car-
diomyopathy to allow for the genetic diagnosis of
cardiomyopathy and to point the way to treating
affected individuals in an early, ‘preclinical’ stage
of disease in the hope of preventing heart failure.

e Efforts to elucidate the fundamental genetic
abnormalities in idiopathic dilated cardiomyopa-
thy are encouraged to yield information on the
fundamental cause of heart failure and new meth-
ods of prevention.

e A major long-range goal that has potential for
preventing and treating heart failure is the correc-
tion of abnormal cardiac gene expression by the
introduction of foreign genes into the heart and by
the restoration of myocyte cell division.

e To determine the causes of heart failure in dif-
ferent geographic locations and socioeconomic
strata of a population.

e ldentify candidate genes for familial forms of idio-
pathic dilated cardiomyopathy and other forms of
hereditary heart disease that can lead to heart
failure.

e To determine the relationship between the molec-
ular abnormalities responsible for the synthesis of
abnormal proteins and the abnormal clinical
phenotype in the cardiomyopathies.

e Investigate potential infectious mechanisms of
cardiac damage and cardiomyopathy.

e Determine whether development, race or gender

Ex. 2007-0447



S.E. Lipshultz / Progress in Pediatric Cardiology 12 (2000) 1-28 13

is a factor in the development or progression of
ventricular hypertrophy or cardiomyopathy, and if
so then what are gender, racial, and developmen-
tal-specific risk factors.

Develop sensitive, reliable, and reproducible
methods for early detection of functional,
metabolic, and structural changes of the my-
ocardium.

Determine the factors that accelerate the progres-
sion of cardiac damage, and define the genetic and
phenotypic characteristics that contribute to pro-
gression and regression of cardiac damage.
Define the effectiveness of early therapeutic inter-
ventions, including their limitations and side ef-
fects, and determine ways in which to reduce the
risks of early interventions.

Develop and perfect simple, cost-effective, and yet
accurate and reproducible non-invasive techniques
suitable for patient care and epidemiological stud-
ies. These techniques should be improved suffi-
ciently so that the need for expensive, invasive
examinations can be greatly reduced.

Define factors that constitute a high-risk profile
among asymptomatic or mildly symptomatic
patients with LV dysfunction.

Determine how patients with LV dysfunction and
heart failure who are at increased risk of sudden
death can best be identified.

Identify factors responsible for progression or lack
of progression to symptomatic heart failure in
individuals with asymptomatic abnormalities in
cardiac structure or function. Clarify the interac-
tions among predisposing factors, aging, and struc-
tural or functional cardiac abnormalities in in-
creasing the risk of developing heart failure.
Validate simplified, non-invasive imaging and car-
diac function assessment methods for detecting
abnormalities of cardiac structure and function.
Evaluate the sensitivity of these methods for mon-
itoring the progression of cardiac dysfunction.
Identify markers in asymptomatic individuals with
left ventricular dysfunction that are predictive of
early morbidity and that therefore enable selec-
tion of patients who are more likely to benefit
from aggressive therapy.

Assess the relative importance of the relief of
symptoms and disability vs. the increased risk of
mortality in patients with end-stage heart failure.
Define the role of cardiac transplantation in chil-
dren with end-stage dilated cardiomyopathy and
determine the risk factors that minimize long-term
survival, including graft rejection, pulmonary vas-
cular resistance, premature atherosclerosis, and
ventricular diastolic dysfunction.

The NHLBI Report of the Expert Panel on Ge-

netic Strategies for Heart, Lung and Blood Diseases
predicts that many of the mutations causing disease
will be identified in the next 10-20 years. Registries
will allow that to happen for pediatric cardiomyopa-
thy. The Registry should lead to an understanding of
the pathogenesis of these disorders and offers the
hope of having a major impact on the clinical practice
of medicine in this area [54]. In reference to car-
diomyopathy, the report notes ‘a paucity of cardiovas-
cular investigators and clinicians who are familiar
with genetic principles and methodologies. Similarly,
there are few molecular geneticists studying these
vascular and myocardial discases. It is therefore cru-
cial to increase genetic expertise among cardiovascu-
lar investigators and to concurrently encourage the
involvement of geneticists in this area.’” These re-
search priorities are some of the goals of the registry.

e [Establish a disease-specific coordinated network
to foster genetic studies among many investiga-
tors.

e Provide an infrastructure and ways to interact.

e Have the ability to share data and resources among
network members.

Develop and maintain appropriate databases.

e Provide a uniform, robust, and meaningful defini-
tion of the phenotype of cardiomyopathy.

e Have adequate facilities to store data.

e Have sufficient statistical and analytical expertise
and resources.

e Result in the establishment of appropriate collec-
tions of patients and families of diverse ethnic and
racial backgrounds.

e Provide detailed knowledge of relevant physiology
to increase the power of genetic studies.

In June 1991, the NHLBI convened a Workshop on
the Prevalence and Etiology of Idiopathic Dilated
Cardiomyopathy (IDCM) (Am J Cardiol 1992;
69:1458-1466), in large part because there was limited
information on pathogenesis and prognosis, few popu-
lation-based estimates of incidence and prevalence
were available, and few geographic areas were repre-
sented in previous publications. It was noted that
IDCM was difficult to study owing to the relatively
low prevalence, its potential pluricausal nature, and
the fact that it is often a diagnosis of exclusion. The
report summarized existing data on established IDCM,
which notes 1-year survival rates of 48-77%, 2-year
rates of 31-66%, and 3-year rates of 24-53% among
more than 2000 adult patients. Because the mecha-
nism of myocardial damage and the related etiologic
and prognostic factors are virtually unknown, the
workshop felt that it presented a significant challenge
to the cardiovascular community. The workshop con-
cluded by recommending several areas for future
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observational and interventional studies of IDCM, all
of which the Pediatric Cardiomyopathy Registry [54]
will facilitate:

e Standardized diagnostic criteria should be devel-
oped.

e Population-based registries were given the highest
priority among etiologic study designs to under-
stand cardiomyopathy better. The workshop felt
that this was an appropriate study design for track-
ing incidence and prevalence and to identify rep-
resentative cases to study potential etiologic fac-
tors in subsequent case-control studies. Observa-
tional studies were recommended that would be
able to address non-modifiable factors (e.g. age,
sex, race or ethnicity, and genetic predisposition)
and modifiable factors (e.g. viruses, diet, so-
cioeconomic status, metabolic conditions, drugs,
toxic or occupational exposure, obesity, and hyper-
tension).

e Suggested measurements to be included in popu-
lation-based studies in IDCM were stated. These
included DNA polymorphisms and candidate
genes, cardiac structure defined by echocardiogra-
phy, immunologic markers, and neurohumoral fac-
tors). Echocardiography was recommended as the
principal method of detection, diagnosis, and fol-
low-up for population-based studies.

In May 1996 the NHLBI convened a Special Em-
phasis Panel on Research in Heart Failure whose
suggestions included a number of areas applicable to
clinical studies of children with ventricular dysfunc-
tion, some of which are highlighted below [97].

e ‘More focused clinical trials in which the patient
population is more homogenous. Although this
approach may yield data that are viewed to be less
broadly applicable, new understanding of a mech-
anism in a clearly defined subset of patients with
heart failure may well be applicable to a larger
population.’

e ‘Future trials of heart failure treatments should
plan to consider arrangements for ancillary basic
studies and obtain blood, tissue, or other measure-
ments to elucidate mechanisms of the disease and
its progression. This information would form the
origins of a database that would meet a critical
need to establish the phenotypes and genotypes of
the normal and failing hearts.’

e ‘Large-scale clinical trials provide a rich popula-
tion of patients with LV dysfunction that are mon-
itored over time in a well-defined, standardized
protocol. The opportunity to identify molecular,
cellular, structural, neurohormonal, electrophysio-
logical, bioenergetic, circulatory, or clinical mark-

ers of the progression of the ventricular dysfunc-
tion and of its response to the therapeutic inter-
ventions should not be lost.”

The list of clinical research studies in this area is
large, in part because so little has been done so far. In
general, research is needed to find the optimal ther-
apy for correcting both systolic and diastolic ventricu-
lar dysfunction and left ventricular hypertrophy be-
fore irreversible changes ensue. In addition, more
research is needed to find the means to combat the
sudden death-promoting dysrhythmias of heart fail-
ure. It is also extremely important to consider the
efficacy of preventive measures in heart failure candi-
dates with normal systolic function. In adults im-
proved heart failure treatment has resulted in im-
proved outcomes but more work needs to occur to
understand the physiological bases for potential sex,
race, and age differences [98,99]. Clinical trials need
to be designed out of need rather than expediency.
Healthcare processes that deliver cost-effective treat-
ments in a more uniform manner need to be imple-
mented.

4. Obstacles to achieving clinical research goals in
pediatric ventricular dysfunction

4.1. Smaller population

For many chronic diseases which affect both adults
and children the number of patients in the adult
population is much greater. This may lead to dif-
ficulties in obtaining statistical power to detect an
effect of treatment.

4.2. IRBs may not allow pediatric studies where adult
data exist

Institutional review boards have rejected pediatric
proposals where the study has been done in adults.
The same therapy may have different effects depend-
ing on the stage in the disease process that is used.
Children receive special protection under federal reg-
ulations for biomedical research that require the po-
tential for direct benefit to the child participating in a
drug study. This limits participation since initial phar-
macokinetic and safety testing in normal pediatric
subjects is more difficult to obtain informed consent
on than with adult studies.

4.3. Need for long-term follow-up to understand natural
history and to examine subclinical drug effects

Studies in children are of particular interest where
the drug may affect the natural history of a disease.
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This is the case for many emerging therapies (i.e.
gene therapy). Trials to determine safety and efficacy
are initially important. However, the real outcomes of
interest, such as rates of decline in function, should
be examined over years, rather than months, and are
of particular interest in patients with mild disease
who may not yet have developed irreversible organ
damage. The importance of maintaining cohorts of
rare diseases to understand the natural history and
response to therapy in children is clear [100,101). The
field of adult congenital heart disease is too narrowly
focused on structural cardiovascular malformations
and should include adults with onset of ventricular
dysfunction in childhood either from genetic or envi-
ronmental causes. In order to help these populations
of patients more and better understand their diseases
it becomes important to follow cohorts with specific
rare diseases differently and a unified clinic is an
ideal way to facilitate this. We found that using
cross-sectional data at a single point in time demon-
strated a significant correlation between immune dys-
function and ventricular dysfunction in HIV-infected
children [23]. However, when we followed these chil-
dren long-term and examined longitudinal correla-
tions we found that there was not a significant corre-
lation between immune and ventricular dysfunction
[23]. Having been able to examine trends over time in
this population at high risk for ventricular dysfunction
enabled us to determine the truth.

4.4. FDA review and approval of pediatric ventricular
dysfunction therapeutic studies utilizing death as the sole
acceptable endpoint is not reasonable

The development of validated surrogate endpoints
must be a priority. Mortality is not always an indicator
of good or poor outcome in heart failure and may be
the inevitable consequence of a long illness for which
the patient may have received excellent care and had
a good pharmacologic response to therapy. Suffering
associated with this condition may be substantial, and
health status measures may be as important as sur-
vival rates.

The FDA has made major changes to increase
awareness and compliance with testing new drugs in
children to develop pediatric dosing recommendations
at an earlier stage in the development process and to
improve the safety of new agents in children. Pedi-
atric cardiologists must now devise more rational
methods of selecting which new cardiac drugs to
develop for children with ventricular dysfunction and
to develop new and more efficient trial designs to
evaluate safety, pharmacokinetics, and efficacy of new
drugs in children with ventricular dysfunction, as more
new drugs become available for testing in children at
an earlier stage in the drug development process.

4.5. Participation by pediatric cardiologists is difficult

The Pediatric Cardiomyopathy Registry has > 220
centers that confirmed participation but only 44 have
actually participated [54]. The agenda for pediatric
cardiology should be to advocate for participation of
pediatric cardiologists in clinical research studies be-
cause all is not well for us in this area. There was
acknowledgement in the pediatric oncology field in
the late 1960s that the outcome results were not good
enough. We must first get that acknowledgement in
pediatric cardiology and then get the buy-in of pedi-
atric cardiologists around the country to participate
on clinical trials. Recent drug company-sponsored
studies of ACE inhibitors indicate that this can be
done in this field [102,103].

Despite these difficulties there can be little progress
in the clinical care of children without research in this
age group, and the findings of studies in children may
also be relevant to adult medicine.

Those concerned with the care of children have a
duty to improve that care. One way of achieving that
goal is through research. However, for research to be
successful and to overcome difficulties pediatricians,
parents, and children must all be convinced of its
importance.

4.6. Reporting and recall bias by pediatric cardiologists

In several studies we have performed in pediatric
ventricular dysfunction we have been surprised to find
that the results were not what we would have ex-
pected a priori. For example, in 1993 we performed a
written and telephone survey of 100 pediatric cardi-
ology program directors to review cases of pediatric
cardiomyopathy in their practices. The results of that
survey are shown in Table 3. Five years later we
presented the results of actual data that had been
collected from many of these same programs and
found major differences from the conclusions of the
survey [98,99]. The actual incidence of pediatric car-
diomyopathy and the percentage of children with a
known etiology of their cardiomyopathy were both
approximately one-half of what the survey had sug-
gested [98,99]. This suggests that surveys of experts in
pediatric cardiology may be misleading due to unin-
tentional reporting and recall bias. The details of this
survey on children with ventricular dysfunction are
reviewed below.

Between September 1992 and June 1993, we con-
ducted a self-administered mail survey of pediatric
cardiologists associated with a range of health-care
institutions and private practices throughout the
United States and Canada. We took the sample of
cardiologists from the American Academy of Pedi-
atrics, 1991 Fellowship Directory, Section on Cardi-
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Table 3

Results from cardiomyopathy survey (7 = number of respondents; CM = cardiomyopathy)

Clinic profile

Number of pediatric cardiologists on staff at responding

institutions (n = 94) 538
Number of pediatric cardiology patients yearly (1 = 90) 267889
Mean 3189
S.D. 1658
Race, ethnicity (n = 74)

White 63%
Black 22%
Hispanic 10%
Other 5%
Sex (n = 70)

Male 51%
Female 49%
Cardiomyopathy profile

Number of patients seen yearly for CM (excluding

Kawasaki disease and rheumatic fever) (n = 84) 5205
Mean 62
S.D. 104
Type of CM (n = 82-84)

Dilated 58%
Hypertrophic 30%
Restrictive 5%
Arrhythmic 5%
Etiology (n = 66-72)

Known or suspected

Infectious 17%
Metabolic or genetic 13%
Cancer-related 12%
Immunologic 2%
No known etiology 57%
Cardiac catheterizations on patients with CM (n = 89) 1003
Mean 11
S.D. 12
Biopsies among catheterizations for CM (n = 82) 1075
Heart transplants on patients with CM (n = 92) 212
Deaths among patients with CM (11 = 78) 218
Autopsies on patients who died with CM (1 = 82) 190
Mean 2

ology. We initially identified 109 cardiologists from
the United States and 15 from Canada. These physi-
cians represented 38 large, 27 medium, and 14 small
university hospitals in the United States, 30 private-
practice settings in the United States, and 15 hospitals
in Canada. Of the cardiologists identified from the
United States, 1 was not a pediatric cardiologist, 1
was retired, and 1 was deceased. The remaining 121
pediatric cardiologists were eligible to participate in
the survey.

We designed the questionnaire to provide estimates
on the number of cardiomyopathy cases that might be
submitted to a national pediatric registry and the
willingness of respondents to participate in such a
registry. Specific questions included the number of
cardiologists on staff; annual number of pediatric
cardiology patients seen by their group or institution;
gender and racial distribution of patients; number of

patients with a cardiomyopathy seen yearly; annual
number of cardiac catheterizations, biopsies, and
transplants performed on these patients; and annual
number of deaths and autopsies. In addition, respon-
dents were asked whether they would be willing to
participate in a voluntary pediatric cardiomyopathy
registry and, if so, what proportion of cases would
realistically be reported. The response rate to the
survey was 79% (n = 96). Twelve pediatric cardi-
ologists from the United States and one from Canada
declined to complete the questionnaire and also de-
clined to participate in a voluntary registry on tele-
phone follow-up.

Ninety pediatric cardiologists responded affirma-
tively to their group or institution participating in a
voluntary registry; three respondents reported that
they would not participate; and three responses were
missing.
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The results of this survey suggested a strong nation-
wide interest in and need for a voluntary registry for
pediatric cardiomyopathy. The large number of cases
also suggested that the magnitude of the disease is
great. Furthermore, the percentage of cases with an
unknown etiology and the number likely to be symp-
tomatic (cardiac catheterizations) or to have in-
tractable disease (transplants and deaths) reinforced
the need to study this disease and discover common
etiologies and disease mechanisms so as to develop
appropriate treatments.

4.6.1. Availability of patients and evidence of access to
patients

The centers responding to the survey represented a
high percentage of pediatric cardiologists in the
United States and Canada and encompassed almost
all major centers of pediatric cardiology. The respond-
ing and participating centers collectively followed
267889 pediatric cardiology patients. The 1991 Fel-
lowship Directory of the American Academy of Pedi-
atrics listed 580 pediatric cardiologists from the United
States and Canada as members. The survey reported
here represents the participation of 538 pediatric car-
diologists, 95% of the number listed in the academy
directory. Survey respondents noted that they refer
only 2.5% of cardiomyopathy patients elsewhere for
evaluation and management. The respondents stated
that realistically, 83% of their pediatric cardiomyopa-
thy patients would be reported to the registry. There-
fore, the availability of and access to data from in-
fants and children with cardiomyopathy appears quite
strong.

4.6.2. Wide geographic distribution

Participating centers represent 43 states plus the
District of Columbia, eight Canadian provinces, and
Puerto Rico. These states or provinces encompass
94% of the population. Survey respondents stated
that they capture 70% of pediatric cardiology patients
in their region, with 80% of new patients having been
referred from elsewhere.

4.6.3. Women and minorities

Females represented 49% of all pediatric cardi-
ology patients followed at responding centers. The
racial and ethnic composition was 63% white, 22%
black, 10% Hispanic, and 5% other.

4.6.4. Importance of the Medical Question

IDCM, or primary myocardial disease, is poorly
understood. The annual incidence of IDCM is esti-
mated at 2-8 /100000 in the United States. Overall
survival of patients with IDCM is poor (~ 50-60% at
2 years). As exemplified by the known forms of inher-
ited cardiomyopathy, factors such as age, coexisting

illnesses, diet, and additional genetic loci may play a
part in determining the expression of the cardiomy-
opathy phenotype.

4.6.5. Prevalence of pediatric cardiomyopathy

The mean number of active pediatric cardiomyopa-
thy patients followed at 84 respondents’ centers is 62,
for a total of 5205 patients, or 1.9% of the mean
number of all pediatric cardiology patients followed
(3189). This figure is close to the 2.7% prevalence of
pediatric cardiomyopathy followed by pediatric cardi-
ologists in the New England Regional Infant Cardiac
Program. The actual prevalence of pediatric car-
diomyopathy (diagnosed and undiagnosed) is not
known.

Cardiomyopathy is functionally classified as hyper-
trophic, dilated, restrictive, or arrhythmic. The survey
noted that DCM was most common (58%), followed
by hypertrophic (30%), restrictive (5%), and ar-
rhythmic (5%). In the majority of cases reported here
(57%), the etiology was unknown. For those where
the etiology was known or suspected, respondents
reported that 17% had an infectious etiology, 13%
were metabolic or genetic, 12% were related to toxic
exposures (e.g. anthracycline chemotherapy or irradi-
ation), and 2% had immunologic causes.

4.6.6. Incidence of pediatric cardiomyopathy

The annual number of new cases of pediatric car-
diomyopathy reported by 88 centers was 4098, with a
mean of 47. A comparison of 47 with the mean
number of total cases per reporting center [62] sug-
gests that the length of follow-up for infants and
children with cardiomyopathy is short, approximately
1.4 years. Other studies on cardiomyopathy have sug-
gested that the 1-year survival rate for infants and
children is 20-80% and the 5-year survival rate for
adults is 25%, supporting the possibility that short
survival is likely. Other factors that may have con-
tributed to the similarity between prevalence and
incidence could be patient improvement and dis-
charge from follow-up, patients lost to follow-up, and
the methods for data collection used in this survey.

This survey suggests that the incidence of car-
diomyopathy based on 60 million children < 18 years
of age is 0.9/10000 children (4512 /60 million). This
compares closely with the 1 /10000 incidence noted in
the first year of life in the Baltimore-Washington
study. This suggests that a steady number of new
cases of cardiomyopathy continues throughout child-
hood to keep the incidence constant.

4.6.7. Severity of pediatric cardiomyopathy

Children with clinically symptomatic cardiomyopa-
thy usually undergo cardiac catheterization with en-
domyocardial biopsy. The 90 centers reported 1075
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cardiac catheterizations for cardiomyopathy in the
preceding year, excluding post-transplants, suggesting
that 24% of children become clinically symptomatic
during the first year after diagnosis of cardiomyopa-
thy. Cardiac catheterizations for cardiomyopathy in
children represented 5% of all catheterizations at
these centers. Cardiac transplantation, indicating a
failure of medical management, was done for 20% of
infants and children with symptomatic cardiomyopa-
thy during the first year after presentation. Two hun-
dred eighteen infants and children (20%) died of
symptomatic cardiomyopathy in the preceding year at
these 90 centers. Together, this suggests that up to
40% (430,/1075) of infants and children with sympto-
matic cardiomyopathy will fail medical or surgical
management in the first year following diagnosis.

4.7. What may be intuitive may not be correct

Another prospective study we performed looked at
the development of abnormal left ventricular struc-
ture or function in children receiving antiretroviral
therapy [7,40]. Based on data in animals and adult
patients suggesting that cardiac abnormalities may
develop in some HIV-infected patients treated with
antiretroviral therapy, recommendations were made
in children and adults that potentially life-saving an-
tiretroviral therapy be discontinued if ventricular dys-
function develops. When we studied this prospectively
in a multicenter design over 10 years we found that
unlike animal and adult studies there was no measur-
able effect of antiretroviral therapy on the my-
ocardium [40].

Another example of where an accepted therapy in
adults to reduce the incidence of developing left
ventricular dysfunction became the standard-of-care
in many pediatric oncology treatment protocols with-
out demonstrating that the therapy resulted in car-
dioprotection in children was the use of 48 h continu-
ous infusion of anthracycline chemotherapy. We com-
pared continuous infusion therapy with previously
conventional bolus anthracycline infusion over less
than 1 h duration [104]. To our surprise, after com-
pleting a multicenter, prospective randomized blinded
study over 5 years duration we concluded that 18
months after the completion of anthracycline
chemotherapy there was no difference in left ventric-
ular structure or function between the two groups and
that both groups had significantly deteriorated since
their initial cardiac assessment [104]. In addition, the
continuous infusion cohort had substantially more
hospitalization days and other complications [104].
This was unexpected based on adult studies, but was
only found by performing a prospective study in chil-
dren. Knowing the results of this study enabled us to
stop giving false hope to our patients with ALL and

their families and allows us to investigate other car-
dioprotective strategies that may be of benefit. Again,
what we have seen many times is that not everything
that makes sense biologically, or is based on animal or
adult studies, has been useful in the treatment of
children.

4.8. Reliability of multicenter pediatric cardiology data

There is a need to know how good your tests are.
We determined that locally measured echocardio-
graphic reliability is poor in pediatrics on multicenter
studies [105]. There is a need for central remeasure-
ment. Clinical management of children with cardiac
disease is frequently based on echocardiographic
measurements of LV structure and function. In multi-
center pediatric studies of cardiac status associated
with experimental treatments or disease processes,
the determination of efficacy, toxicity, and course is
frequently based on echocardiographic measurements
of LV structure and function. Despite the clinical and
research importance placed on pediatric echocardio-
graphic measurements, little has been published about
the reliability of these measurements.

This may have implications for the planning and
conduct of research studies, and as well as for the
management of individual patients. The importance
of reliable and accurate LV measurements cannot be
over-emphasized. For example, expert panel stan-
dards of cardiology practice have been used to recom-
mend withholding potentially lifesaving chemotherapy
in asymptomatic children with cancer when fractional
shortening drops below a specified value [10]. Present-
ing similar problems, are an increasing number of
standard-of-care guidelines that differentiate accept-
able from unacceptable care in some settings based
on a one percentage point difference in LV function.
However, our data show that despite attempts to
standardize echocardiographic techniques, the de-
termination of fractional shortening from the same
tracing varies considerably among centers [105].

Our study would suggest that these precautions are
very important when a single echocardiographic mea-
surement, but not longitudinal changes in z-scores in
the same child where any systematic bias in the same
child would be subtracted out, are to be used in
clinical care [105]. Also, comparing a study sample’s
data with a data set generated by other researchers
may lead to inappropriate normative data for multi-
center clinical studies and could result in misleading
group averages.

Our study showed that echocardiographic measures
of LV structure and function calculated locally are
subject to heterogeneity in data acquision and assess-
ment [105]. Measurements differed so much that a
central echocardiographic facility is needed to provide
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consistent and reliable data for research studies, and
repeat measurements on individual children are re-
commended to provide clinically meaningful results.
To improve inter-institutional agreement, we recom-
mend standardizing how images are acquired and
read. Though core laboratories increase the labor and
expense of clinical trials, they provide more consistent
and probably accurate analysis than do local measure-
ments. Future pediatric clinical trials should arrange
for independent evaluations of echocardiographic
data.

4.9. Animal models of pediatric ventricular dysfunction

Animal models of pediatric ventricular dysfunction
can often augment and expedite controlled clinical
trials. For example, the rat model we have used to
assess biomarkers for the detection of anthracycline
cardiotoxicity enabled us to determine histologic my-
ocardial status in ways not possible in children
[20,26,28,36,76-84]. The rat model has allowed us to
rapidly test the effectiveness of different anthracy-
cline cardioprotective strategies since we are only
able to perform one controlled clinical trial to test an
anthracycline cardioprotection strategy in children
approximately every S years due to accrual and fol-
low-up issues. An animal model has been very helpful
for us to identify the most promising strategy to bring
to a human clinical trial.

However, it becomes very important to realize that
all findings in animal studies are not directly translat-
able to children. For example, the newborns of preg-
nant monkeys treated with zidovudine exhibit pro-
found myocardiocyte damage. This resulted in the
suggestion that pregnant HIV-infected women should
not receive zidovudine to substantially reduce HIV
transmission from mother to child. In contrast to the
monkey model, when we examined zidovudine car-
diotoxicity in infants and children we were unable to
demonstrate adverse effects [40]. In this case, human
studies are likely to have resulted in many saved lives
of uninfected children born to HIV-infected mothers
who received zidovudine and who otherwise would
have died of HIV infection.

5. How to achieve clinical research goals in pediatric
ventricular dysfunction

5.1. Advocacy, representation and participation

Out of frustration with the current voice pediatric
cardiology has, a call for an organization devoted
entirely to the field of pediatric cardiology has been
recommended to provide a ‘legitimate body’ that can
speak out on behalf of pediatric cardiologists [106].

The stated goals would be to create a platform for
scientific discussions, propagate knowledge and stan-
dards of care, as well as advocate for the advance-
ment of patient care and the professional goals of the
medical profession of this field.

Examples of where increased organizational efforts
on this field may lead to more attention to the clinical
and research needs of children with heart disease are
abundant. One example is, on 17 October 2000 the
President signed into law the Children’s Health Act
of 2000 with > $50 million in FY 2001 earmarked to
it. This is a package of provisions related to children’s
health that promotes additional research on disease
and disabilities specific to children, among other top-
ics. Research in many important areas are included
such as muscular dystrophy, lead poisoning, infant
mortality, traumatic brain injury, autism, fragile X,
juvenile arthritis, juvenile diabetes, asthma, hearing
loss, childhood cancer, and epilepsy. No mention of
pediatric cardiovascular diseases is part of this major
federal legislation for children’s health.

As another example, NHLBI has had no pediatric
cardiology representation on SPARK, Strategic Plan,
Epidemiology Task Force, Heart Failure Task Force,
Genetics Task Force, Dilated Cardiomyopathy Task
Force, Heart Failure Special Emphasis Panel, and
very little representation on any NHLBI Study Sec-
tion listed on the NHLBI web site during the past
year, yet this is the major research funding organiza-
tion for the field of pediatric cardiology in the US. Of
the 58 members of the SPARK Working Group, a
select group of accomplished scientists convened to
assist the NHLBI by identifying research areas that
constitute extraordinary opportunities and that would
merit substantial increases in resource investment,
assembled in May 1998 to formulate a strategic plan
for the NHLBI funding the years FY2001-2005 not a
single pediatric cardiologist was included.

In spite of this, largely through the efforts of NHLBI
internal program staff, an important 2001 initiative
was included. This initiative is to ‘Investigate diagnos-
tic and therapeutic approaches for congenital and
acquired pediatric cardiovascular conditions from fe-
tal life into adulthood. Approximately 32000 infants
are born each year with congenital cardiovascular
malformations, one of the leading causes of infant
mortality. In addition, acquired pediatric cardiovascu-
lar conditions, including arrhythmias, inflammatory
conditions, cardiomyopathies, hypertension, and hy-
perlipidemia affect several million children and
adolescents. Treatment of congenital and acquired
pediatric cardiovascular disease involves drug and sur-
gical therapies. Yet, most standard therapeutic drugs
have not been tested in randomized controlled trials
in children. Surgical correction has side effects in
children about which much is still unclear. Important
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clinical questions remain unanswered. Most treat-
ment decisions concerning pediatric heart disease are
not evidence-based. In the past 25 years, fewer than
40 randomized clinical trials have been conducted, of
which nearly half dealt with patent ductus arteriosus
in preterm infants. The medical, emotional, social and
economic consequences of pediatric heart disease are
profound. Medical therapy is employed widely to treat
pediatric heart disease. Few standard therapy agents,
however, have been tested in randomized trials in
pediatrics. Agents of choice used in the treatment of
adult heart failure are used in children, but have not
been studied in a systematic fashion. Emerging adult
therapies may benefit children but are virtually
untested in them despite their requirement by FDA
regulations. A pediatric myocarditis agent has never
been evaluated in a prospective randomized trial. A
collaborative network of up to six clinical research
centers and a data coordinating center will evaluate
standard and new diagnostic and therapeutic strate-
gies in pediatric cardiovascular medicine. The net-
work approach can also promote training of investiga-
tors in pediatric clinical research and provide a way to
ensure rapid dissemination of research findings...The
major barriers to clinical studies in pediatric heart
disease include the heterogeneity of conditions, the
small numbers of individuals with a particular malfor-
mation or condition at any one center, differences in
treatment approaches to particular problems, the
absence of systematic centralized databases, and the
lack of resources to provide national coordination of
collaborative efforts. Efficiencies will be achieved
through a common infrastructure for recruiting, mon-
itoring, and following patients whose conditions will
be characterized in a standard fashion’ [107]. This is
an extremely important landmark advance for pedi-
atric cardiology. Hopefully some of the selected pro-
tocols will apply to pediatric ventricular dysfunction.

5.2. Prevention of ventricular dysfunction has to start in
childhood

As illustrated in Fig. 1, we should not wait until
symptomatic LV function is present to initiate pre-
ventive strategies. The studies of Barker and col-
leagues have demonstrated retrospectively that ante-
natal events influence morbidity and mortality in adult
life (e.g. coronary heart disease and hypertension).
The definition of preventive cardiology is too narrow
and should include reducing the subsequent risk of
developing symptomatic myocardial disease.

For more than 2000 years, cardiac failure has been
recognized as a clinical entity, but within the past 15
years it has been identified as a major public health
concern [108]. Thus, the national hospital discharge

service estimated that 4.8 million US adults have
heart failure and that nearly 500000 US adults de-
velop it each year, making this condition the leading
diagnosis for hospitalization of persons older than
65-years-old. The healthcare expenditure for heart
failure in the US in 1993 was $17.5 billion, which
amounts to 11% of the total budget for cardiovascular
disease in 1997. Approximately 60% of the healthcare
expenditure for heart failure is for hospital care.
Heart failure accounts for more than 3000000 office
visits annually at a cost of $3 billion yearly for out-of-
hospital care. Heart failure is a common chronic
condition that impairs quality of life and results in
loss of independence.

Kannel has reviewed the prospects for prevention
of heart failure in adults that is noted below [108].
Fig. 1 demonstrates how these preventive strategies
may be helpful in children at-risk of, or with, ventricu-
lar dysfunction. ‘The epidemiology and the vital and
health statistics concerning heart failure indicate that
is a major burden on victims, their families, and the
health care system. Evidence indicates that treatment
of the overt condition continues to be inadequate
because of an unacceptably poor survival rate. Those
who may have this condition must be detected and
treated while the process is still evolving. Treatment
of presymptomatic left ventricular dysfunction, cor-
rection of the dysfunctional maladaptive changes of
vasoconstriction, increased afterload, and salt and wa-
ter retention; and timely myocardial revascularization
and valve surgery hold great promise for high-risk
heart failure candidates. In addition to the proven
efficacy of ACE inhibitors, recent growing evidence
indicates that beta-blockade can reverse and slow the
progression of left ventricular dilatation that charac-
terizes heart failure and reduces all-cause mortality in
patients with overt heart failure.

From a population perspective the most cost-effec-
tive approach to the problem is to correct the modi-
fiable risk factors as early as possible. The high popu-
lation-attributable risks imposed by hypertension, dia-
betes, and coronary disease indicate the priority ar-
eas. Detection and control of hypertension and coro-
nary disease have proven efficacy, but these measures
are not being fully implemented. Only 45% of hyper-
tensive persons have their blood pressure optimally
controlled, and ACE inhibitors, beta-blockers, lipid-
correcting therapies, and thrombolytic therapies are
far from optimally employed. Major hypertension tri-
als indicate clearly that treating hypertension reduces
the risk of heart failure, and a recent meta-analysis
indicates that antihypertensive treatment in the el-
derly can reduce heart failure incidence by 47%, an
estimate close to the population-attributable risk esti-
mated by the Framingham study. Although clinical
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trials indicate that medical interventions can improve
survival in overt heart failure, survival is still poor’
[108].

Despite recent innovations in the treatment of pre-
disposing conditions for heart failure, the condition
remains highly prevalent and lethal once established
in adult patients. Improvements in the treatment of
clinically overt heart failure — the end stage of
uncontrolled hypertension, myocardial ischemia, and
valvular disease — have made only a small improve-
ment in the poor survival in patients with this diagno-
sis. Therapy introduced at this late stage appears
unlikely to substantially prolong life. Preventive mea-
sures must be taken before ventricular dysfunction
becomes symptomatic and before maladaptive com-
pensatory phenomena ensue. Clues to the methods
needed to detect persons vulnerable to heart failure
and prevent the progression of conditions predispos-
ing to myocardial decompensation are emerging from
recent epidemiologic research.

The goals of preventive strategies for pediatric ven-
tricular dysfunction are: (1) to reduce the incidence of
pediatric ventricular dysfunction; (2) to continue ba-
sic, clinical and population research into causes of
pediatric ventricular dysfunction for interventions; (3)
to increase rtisk factor reduction; (4) to establish
data-based interventions; (5) to extend risk reduction
to entire populations even though this may be less
intensive to individual patients; and (6) to develop
systems to monitor surveillance nationally through
partnerships and collaborations.

5.3. Network infrastructure

Pediatric oncology is a notable exception to many
areas of pediatrics in that high-quality clinical trials
(multicenter randomized) are regularly performed
[109-114]. Also, some successes have occurred in
perinatal medicine where the NICHD Neonatal Re-
search Network was established in 1986 to conduct
multi-center clinical trials in neonatal medicine and
management that is funded by a cooperative agree-
ment between 14 clinical centers, the data coordinat-
ing center, and the NICHD. The neonatal research
network has included therapies for sepsis, intracranial
hemorrhage, chronic lung disease, and pulmonary hy-
pertension. In addition, the Network has imple-
mented a standardized follow-up program of ex-
tremely low birthweight infants and supports a registry
of infants less than 1500 g at birth with > 29000
enrolled babies. Four of the Network centers also
support a Maternal Lifestyle Study that investigates
the effect of prenatal maternal drug abuse on neona-
tal and long-term outcomes. The NHLBI has recently
established a pediatric asthma clinical network and a

thalassemia clinical research network. In identifying
the reasons for the relatively low standard of research
in children, it is instructive to examine areas where
there has been more success, to try and establish
where certain difficulties may not exist or may have
more easily been overcome.

Acute lymphoblastic leukemia (ALL) is rare, occur-
ring in 1 in 2000, but the success achieved over the
past 30 years in improving survival in ALL has been
attributed largely to evaluation of therapy by multi-
center trials [109-114]. Over the past 30 years, 5 year
event-free survival for high risk ALL has improved
from approximately 10% to nearly 90% due to multi-
center clinical trials. The small field of pediatric on-
cology agreed over the past three decades to voluntar-
ily regulate themselves and provide experimental
procedures only to patients who participate in valid
resecarch. The availability of a pool of test subjects
assures that new ideas for treatments are rapidly
tested, allowing them to be adopted nationwide if
they work, or tossed aside if they prove useless. As a
result, the advances in this field have been phenome-
nal, far outpacing anything seen in adult medicine. In
adult oncology for example a giant leap from develop-
mental therapeutics and early underpowered clinical
trials to community-wide applications of high-dose
therapy for breast cancer circumvented essential sci-
entific scrutiny and the well-intentioned but prema-
ture enthusiasm of patients and advocates was used at
a time when physicians knew the therapy was toxic,
expensive, and experimental [115]. For controlled clin-
ical trials to succeed they must be designed to define
the most effective, least morbid, and /or least expen-
sive treatment. The payers must be brought initially
into the process to fund the appropriate trials rather
than be forced to pay for unproven, perhaps well-in-
tentioned, treatments. The scientific importance of
‘approved clinical trials’ must be accepted by patients,
physicians, and the payers. It must be agreed that the
new treatments are unproven and therefore must be a
subject for clinical investigation. Patients who are on
such approved trials may get better care and closer
observation; they should be reassured that they are
not receiving a known inferior control therapy.
Whether they are the beneficiaries of the experimen-
tal therapy is the goal of the trial. If the process can
be efficiently undertaken, then resources will be saved.
Knowledge, negative or positive, will be accumulated
in a timely fashion. Ultimately the patient would be
the beneficiary of the progress and not the victim of
unproven innovation. This gives further importance to
the role of intergroup participation to maximize
patient accrual. Small or statistically minute differ-
ences in the continuous follow-up may be encoun-
tered. There have been few studies comparing the
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costs of a clinical trial that defines the correct ap-
proach to a particular disease with the consequence
of widespread use of an unproven treatment [115].

Advances in childhood cancer therapies have been
dramatically aided by the willingness (even eagerness)
of parents, children, physicians, nurses, and other
health care workers to enroll patients on research
studies that attempt to advance knowledge in the
field. This degree of cooperation and collaboration
among various groups has led to studies that have
shown that participation in clinical trials leads to
better therapy outcomes than those treated off-pro-
tocol using ‘the doctor knows what’s best’ therapy
[113]. This has resulted in third party payers reimburs-
ing children on oncology protocols and in some cases
not reimbursing those being treated off-protocol. A
recent study of adult cancer patients treated at the
Kaiser Permanente health maintenance organization
demonstrated that participation in cancer clinical tri-
als did not result in substantial increases in the direct
costs of medical care [116]. Other costs that were not
taken into account include recruiting patients, assur-
ing that treatment protocols are followed, collecting
and managing data, and supporting the infrastructure
for research. Other benefits to HMOs for participat-
ing in clinical trials are enhanced appeal of an HMO
to patients and physicians and earlier adoption of new
treatments.

Over the past 16 years 1 have been fortunate to
work closely with two oncology groups, the large
(> 100 clinical sites) Pediatric Oncology Group (now
merged to form the even larger Children’s Oncology
Group) and the smaller (10 clinical sites) Dana Far-
ber Childhood Leukemia Group. I have observed
different strengths of large and small multicenter
clinical trials groups. Large groups are able to enroll
more patients with quicker accrual and obtain an-
swers sooner, there is often more missing data and
less complex protocols, and there is longer protocol
development periods to obtain consensus. However,
effective therapies more rapidly become standard of
care when tested on large group protocols. The smaller
groups can perform more complex testing with better
quality control and with more frequent testing. Effec-
tive therapy on smaller group studies frequently be-
comes the pilot data for larger group studies.

I have similarly been involved with the care of
HIV-infected children during the past 16 years and
have been impressed with the major therapeutic ad-
vances that have resulted from the NIH sponsored
Pediatric AIDS Clinical Trials Group (ACTG). For
example, the ACTG protocol 076 demonstrated that
transmission from mother to infant could be virtually
eliminated by maternal zidovudine use during preg-
nancy, an amazing result that created life from death.

The value of cooperative group participation in pedi-
atric AIDS speaks for itself.

5.4. Database derived clinical research

Databases derived from clinical trials or registries
contain more detailed clinical information than
administrative databases but have a selection bias
that limit their usefulness in providing a true reflec-
tion of ventricular dysfunction across the population.
Administrative databases can provide uniform infor-
mation across a broad population over a long time
frame and can track the onset of heart failure within
a population [117].

5.5. Registry derived data

Large prospective studies of pediatric cardiomyopa-
thy have not been previously conducted in North
America, resulting in little population-based data. The
NHLBI-sponsored Pediatric Cardiomyopathy Registry
was established to: (1) describe epidemiology and
clinical course of cardiomyopathy in patients <18
years; and (2) to promote the development of eti-
ology-specific treatments [54]. A large database of
sociodemographic and clinical information on chil-
dren with pediatric cardiomyopathy has been es-
tablished through the cooperative efforts of cardi-
ology centers in North America, allowing precise esti-
mates of the incidence of pediatric cardiomyopathy
and a better understanding of the natural history of
this disease [98,99].

5.6. Clinical practice guidelines

Practice guidelines have emerged in recent years as
an important means of translating the results of clini-
cal trials into specific recommendations for the treat-
ment of patients [118-121]. Such guidelines describe
the indications for use of medications and the optimal
approach to the management of specific clinical prob-
lems. Guidelines help to limit inappropriate care,
decrease the magnitude of geographic variations in
practice patterns, and enhance the effective use of
healthcare resources. In addition, guidelines are an
invaluable tool for quality assurance and can assist in
the development of coherent plans for inpatient and
outpatient treatment. Advances in medicine occur so
rapidly that practice guidelines may be out of date
shortly after they are issued. Thus, there is a continu-
ing need to update existing recommendations so that
recent advances in therapy can be brought to the
attention of physicians in a timely fashion. Currently
practice guidelines cannot be developed for the phar-
macologic management of pediatric patients with
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chronic heart failure due to left ventricular systolic
dysfunction, the use of surgical approaches or devices
or the management of acute heart failure or of heart
failure associated with preserved left ventricular sys-
tolic function due to the fact that there are virtually
no well-controlled studies on the effect of therapy on
outcomes in these patients. Practice guidelines are
very popular in pediatric cardiology and are useful
but potentially dangerous. Guidelines may codify and
make rigid algorithmic approaches to the treatment
of patients and thereby reduce or even eliminate good
clinical judgement or inhibit research [10]. Guidelines
can take on a power of their own and have medicole-
gal ramifications when not followed even if they are
based on weak or no data [10]. In adult patients with
myocardial infarction critical pathways in hospitals
did not have increased use of proven medical thera-
pies, shorter lengths of stay, or reductions in mortality
compared with other hospitals that commonly used
alternative approaches to quality improvement [122].
A recent survey of general pediatricians found that
most use practice guidelines, but no specific guide-
lines, except those for asthma, are used by > 27% of
pediatricians [118]. The results of this survey sug-
gested that practice guidelines are most likely to be
followed if they are simple (practical and feasible),
flexible to allow for clinical judgement, rigorously
tested and shown to improve outcome, not used puni-
tively, and are motivated by desires to improve qual-
ity, not reduce costs.

Guidelines are not performance measures. Guide-
lines are written to suggest diagnostic or therapeutic
interventions for most patients in most circumstances.
Performance measures are standards of care that
imply that physicians are in error if they do not care
for patients according to these standards. Perfor-
mance measures define how to practically identify
those patients for whom a specific action should be
taken.

For adult patients with heart failure four structural
measures were recommended as quality indicators
[123]. These include: (1) clear, evidence-based guide-
lines for the care of patients with heart failure; (2) a
mechanism to systematically monitor patient care and
outcomes; (3) providers should recognize that many
require different levels of care and there must be an
organizational structure to move patients to the ap-
propriate level of care; and (4) patients would benefit
by having specific programs to address the end-of-life
needs of many patients with heart failure.

Four process measures were also recommended as
quality measures for adult patients with congestive
heart failure [123] including: (1) the medical record
should document left ventricular systolic function; (2)
patients with heart failure, LV systolic dysfunction,
and no contraindications to ACE inhibitors should be

prescribed ACE inhibitors; (3) patients hospitalized
with heart failure and LV systolic dysfunction should
be treated with digoxin; and (4) patients with NYHA
class II and III heart failure, LV systolic dysfunction,
and no contraindication to beta-blockers should be
prescribed beta-blockers. Similar measures cannot be
developed for pediatric heart failure at this time due
to lack of data.

6. Summary

Heart-muscle disease is an area of pediatric cardi-
ology where we are often unable to help patients with
either knowledge or action. These are rare patients,
the number of institutions studying them well is small,
and among those studied, the great majority have
non-specific findings. Thus, to make progress, there is
a need to pool case-study information among institu-
tions. Data sharing makes it possible for all users to
profit quickly from knowledge, experience, insights,
and hypotheses that may be gained from material
from other institutions, even though it may be too
scanty, unproved, or speculative for publication.

At this point, a multidisciplinary approach is needed
to study longitudinally the variety of pathogenic
mechanisms in pediatric cardiomyopathy, as well as
diagnostic, therapeutic, and preventive approaches.
Given that this group of diseases is relatively rare,
with a variety of suggested etiologies and new possi-
bilities for diagnosis and treatment, we have felt that
the best way to change the past piecemeal approach
to a more constructive one is by a cooperative effort.
It is for this reason that we helped established a
national registry for pediatric cardiomyopathy [54].

The available literature on pediatric cardiomyopa-
thy lacks good data on incidence and prevalence,
survival, and prognostic factors, largely because of
variable selection criteria and case definitions, small
numbers, inclusion or exclusion of myocarditis,
whether clinically asymptomatic cases are included,
and the methods used. These inconsistencies mean
that little of the natural history (especially survival
and prognosis) is really known. The collection of large
numbers of cases in the registry can help identify
specific rare defects. The Pediatric Cardiomyopathy
Registry provides a clearer understanding of the rela-
tionship between myocarditis and DCM and may help
determine whether cases of cardiomyopathy in adults
may have originated as myocarditis in childhood. The
Pediatric Cardiomyopathy Registry has the potential
of making a large impact on establishing various
etiologies of pediatric cardiomyopathy. Molecular bi-
ology has brought new understanding of HCM; simi-
lar advances should be forthcoming for other types of
cardiomyopathy. Eventually, molecular insight into
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the multiple causes of cardiomyopathy will facilitate
the diagnosis of these conditions. In the absence of
molecular biological testing, there is likely to be seri-
ous underestimating of the impact of cardiomyopathy.
Distinguishing between some of the types of car-
diomyopathy and other cardiac problems is a major
diagnostic challenge. Because the human body is al-
most always host to viral infections, it is likely that
subclinical viral cardiovascular involvement is com-
mon and not limited to histologically documented
myocarditis associated with congestive heart failure.
As most past research concentrates on symptomatic
myocarditis, the best characterized type of viral heart
disease, we are left with the frustration that our level
of understanding of this field is still quite limited.

The literature illustrates how poor our existing
knowledge is of the clinical epidemiology of viral
heart involvement. One can only settle for clinically
overt heart disease. Viral heart involvement is often
incorrectly captured, owing to difficulties in definition
and diagnosis, precluding a good understanding of the
spectrum and course of viral heart disease. Classic
histologic, serologic, and culture techniques for de-
fining viral heart disease have problems with sensitiv-
ity, specificity, and positive and negative predictive
values. The histologic diagnosis of myocarditis also
has many pitfalls. The limited availability of premor-
bid tissue for diagnostic purposes further hampers our
understanding. Unfortunately, newer techniques such
as in situ hybridization and PCR may also have prob-
lems with sensitivity and specificity [124]. At this time,
the isolated finding of a positive PCR for a specific
viral probe may not reliably indicate active viral car-
diac involvement. In the absence of an understanding
as to what constitutes viral cardiac involvement, it is
impossible to understand the clinical epidemiology of
viral heart involvement and the response to therapy.
Thus, whether a continuum exists from viral my-
ocarditis to DCM remains unanswerable. More than
90% of HIV-infected children have echocardio-
graphic abnormalities, yet chronic congestive heart
failure occurs in 10%, transient congestive heart fail-
ure in another 10%, and cardiac arrest or sudden
death in 10% [4,8]. One-third of HIV-infected chil-
dren who have died did so in the setting of severe
ventricular dysfunction [8]. Therefore, just relying on
symptomatic heart disease to capture cardiomyopathy
underestimates the impact of this problem. The
registry provides the opportunity to capture asympto-
matic cardiomyopathy [54].

This registry should help establish the usefulness of
endomyocardial biopsy in diagnosing pediatric car-
diomyopathy and in determining the course and prog-
nosis of the various types of pediatric cardiomyopa-
thy. It should also allow assessment of newer, less
invasive diagnostic imaging techniques to determine

whether the diagnosis of specific types of cardiomy-
opathy can be made without the need for biopsy. The
registry should facilitate treatment trials of immuno-
suppression and immunomodulation for cardiomyopa-
thy, as well as other therapies. The registry could
identify cases for inclusion in trials.

The proposed Pediatric Heart Disease Clinical Re-
search Network [107] is a very exciting development in
this field that offers a tremendous opportunity to
rigorously investigate important clinical questions in
pediatric cardiology at a limited number of centers.
Hopefully, some of the clinical studies of this network
will focus on issues related to pediatric ventricular
dysfunction. Future planning should focus on expand-
ing this network to more completely allow the partici-
pation of more pediatric cardiology providers in the
US. The tremendous successes in pediatric oncology
and pediatric HIV are benchmarks that such efforts
are invaluable in improving outcomes for affected
children and their families.

The articles in these two issues of Progress in Pedi-
atric Cardiology on pediatric heart failure demonstrate
how much has been learned to allow us to conclude
that the pathophysiology, pharmacology, etiologies,
and clinical course of pediatric heart failure differs
from adults with heart failure in many ways. The
pediatric literature reviewed in these issues has been
largely observational studies that support the next
steps to embark on multicenter controlled clinical
trials, natural history studies, and translational studies
to advance this field further.

It is extremely difficult to accept children failing
medical management for ventricular dysfunction in
the year 2000 and to be able to say to their families
that we have done everything possible when, in fact,
there have been virtually no controlled clinical trials
that have been performed in this area. For the good
of our patients, for our personal integrity, and for the
future of our subspeciality, the time for active multi-
center clinical research in pediatric ventricular dys-
function is now.
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Prolonged Intre-Aortic Balloon Pump
for Chronic Left Ventrlcular
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awaiting ;mpkmmmm of a cardian assist devios or heart transplgation, mdiad astery
pressure monitoring by pressure cuff may by sufficient, A this stage. they may have a
;wnphwai intravanous ins, Thess patiants may ambulate asoumd thelr bed with the
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with LABF assiat,
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Chapier 12 Nursing Care of Patients < 253

suppdy by coromary vasedilatation {ealcium channel blockees sand sitrog 3 and
drups that decrease myocardial oxygen cons mpmm {propranciol, ACE inkilitors, and
witroprusside). Stnce most patients are fully alert and may not be raspinator dependent,
they generslly require less exhanstive nu rsing cure, Nursing care of pathuis with prein-
farction or postinfarction snging s whom LV function is minimally deprassed, becomes
difficult i distal tog ischemis develops. Ischemic leg pain reeguires froguant sdndnista-
ton of strong sedatives and prompt swrgieal intervention. & changs in the balloon
catheter to the opposite lag o & decision to discontinue balloon pumping or to proceed
with cardise surgery may be vequirsd. The perled of ballosn pumping in these patients
frequently is short and &  decision toward cardiac catheterization and surglosl interven-
tion ix resched quickly.
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Abstract Inhaled nitric oxide (iNO)
was first used in neonatal practice in
1992 and has subsequently been used
extensively in the management of
neonates and children with car-
diorespiratory failure. This paper as-
sesses evidence for the use of iNO in
this population as presented to a
consensus meeting jointly organised
by the European Society of Paediatric
and Neocnatal Intensive Care, the
European Society of Paediatric Re-
search and the European Society of
Neonatology. Consensus Guidelines
on the Use of iNO in Neonates and
Children were produced following
discussion of the evidence at the
consensus meeting.
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Introduction

Inhaled nitric oxide (iNO) has been used in Europe to
treat a variety of conditions in neonates and children since
1992, foremost in persistent pulmonary hypertension of
the newborn (PPHN), which has remained a major
therapeutic challenge in the NICU [1, 2]. Introduction
of iNO into clinical use was virtually vnregulated in
Europe, where supplics of industrially produced gas were
freely available. Subsequently clinical trials have estab-
lished roles for iNO therapy in the treatment of term
neonates with severe respiratory failure and a pharma-
ceutical quality product has recently become available in
Europe and the United States. The high cost of the
licensed product, compared te previous industrial sup-
plies. and the narrow scope of the dmg’s licensed
indications suggested to our group that a consensus
should be established on the use of iNO therapy in
neonates and children covering both its approved and
potential indications.

Methods

An Advisory Board was established under the auspices of the
European Society of Neonatal and Paediatric Intensive Care to co-
ordinate the scientific programme of the meeting. The board
consisted of experts with proven scientific or clinical expertise
relevant to the clinical use of iINO. The board identified a further
panel of experts who were invited to act as section leaders whose
role was to review the literature in their designated subject area.
Seciion leaders were asked to produce written summaries of their
subject area, which were then circulated to delegates prior to the
meeting and which formed the basis of the evidence presented to
delegates at the consensus meeting itself.

A further panel of opinion leaders were invited to attend the
meeting on the basis of their known interest in the use of INO or
their status as opinion Jeaders in the field of neonatal and paediatric
intensive care. The European Society of Paediatric Research and
the European Society of Neonatology were officially represented at
the meeting. At the consensus meeting each subject area was
presented 1n summary by the section leader(s), following which
open discussion led to the composition of draft consensus
statements. These were then edited and re-presented to delegates
with further discussion leading to final agreement on the individual
consensus statements.

Resuits

Inhaled nitric oxide in term and near-term neonates

Neonatal hypoxaemia may result from intra-pulmonary
shunting, from extra-pulmonary shunting (so-called
PPHN) or from cyanotic congenital heart disease. The
presence of interstitial pulmonary infiltrates or a low
volume lung (<6-7 ribs) on chest X-ray strongly suggests
parenchymal lung disease. Alveolar recruitment has been
shown to render babies with severe hypoxaemic respira-
tory failure responsive to iNO, when they were previously

unresponsive [2]. Exogenous surfactant and ventilatory
manoeuvres [3] should therefore be deployed to optimise
lung volume before iNO is introduced. If cyanosis persists
after any necessary lung recruitment manoeuvres have
been applied, an echocardiogram should be obtained to
confirm or exclude the presence of congenital heart
disease or pulmonary hypertension as causes of cyanosis.
Inhaled NO is most likely to benefit babies with PPHN
with recruited lung volume and is unlikely to benefit
babies with cyanotic heart disease.

The recent Cochrane Review was used as a framework
in this discussion [4]. The review, last updated in
December 2000, included 12 relevant trials in its analysis,
all of which used random allocation [5, 6, 7, 8, 9, 10, 11,
12, 13, 14, 15]. One further on-going study received
limited analysis since, at the time of review, it was on-
going and published only as an abstract [16]. A literature
search up to October 2003 failed to reveal any new
randomised, controlled trials not already included in the
Cochrane review.

The limitations of the studies presented within the
Cochrane review were highlighted. Of major importance,
the entry criteria differed markedly between trials as did
dosage and ventilatory strategics, there being a suggestion
that high frequency oscillatory ventilation (HFQV)
appears beneficial in achieving a response to iNO [10].
Eight of the 12 clinical trials studied the effect of iNO on
the overall clinical course of the babies included and, in
particular, whether the need for extracorporeal membrane
oxygenation (ECMO) was reduced. Only six trials did not
allow crossover [6, 7, 8, 11, 12, 13]. Of the six studies
which did not allow crossover, three [6, 11, 12] found a
statistically significant reduction in the combined out-
come of death or requirement for ECMO in the NO group.
A meta-analysis of all six studies found that iNO
treatment resulted in a reduction in the incidence of
death or requirement for ECMO (relative risk 0.65) [4].

Inhaled nitric oxide therefore appears to improve
outcome in hypoxaemic term and near-term infants. The
improvement is due mainly to a reduction in the need for
ECMO, since mortality was not reduced. The two largest
studies [6, 11] included infants with congenital diaphrag-
matic hernia as sub-groups. A separate analysis has been
presented from one of these studies [17]. There was no
evidence that outcome was improved in these babies
through the use of iNO, even if short-term improvements
in oxygenation did occur. It is important to note that
whilst iNO reduced the need for ECMO, the majority of
mature babies in these studies went on to ECMO.

Only one study has considered long-term follow-up as
a primary or secondary hypothesis. In this study, the
incidence of disability, the incidence of deafness and
infant development scores were all similar between tested
survivors who received NO and those who did not [18].

The major randomised, controlled trials of iNO in term
or near-term babies have used echocardiography to
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exclude congenital heart disease as a cause of hypox-
aemia prior to exposure to iNO. Babies with such lesions
are at best unlikely to benefit from iNO, as cyanosis is due
to extra-pulmonary shunting. Inhaled NO exposure may
even be harmful in some babics with congenital heart
disease, such as those with obstructed total anomalous
pulmonary venous drainage or severe left ventricular
dysfunction with right-to-left ductal shunting [19], in
whom pulmonary arteriolar vasoconstriction may be
clinically beneficial by reducing left heart filling.

Dosage and response to inhaled nitric oxide treatment
in term and near-term neonates

Decisions regarding continued use of iNO therapy cannot
be based on the primary end points used in the pivotal
studies, such as reduced mortality or ‘avoidance’ of
ECMO. Instead clinicians must use surrogate physiolog-
ical end points in order to establish whether an initial test
exposure to INO is effective. Improvement in oxygen-
ation of approximately 20% over baseline values at 30—
60 min has been used in many studies as an indicator of
early response to iNO including six of the studies in the
Cochrane review [5, 6, 7, 9, 11, 12].

Four published studies have reported dose-response
data for this group of babies [7, 20, 21, 22]. All four
studies suggest that a maximal beneficial effect of iNO is
already seen at concentrations of less than 30 ppm.
Further increases of iNO (to 80-100 ppm) do not appear
to result in further improvement of oxygenation above
that achieved at 20-30 ppm. The large NINOS study [11]
used initial doses of 20 ppm iNO, but exposed ‘partial
responders’ to 80 ppm. Only 6% of these partial
responders were converted to full response by 80 ppm
iNO.

In the small study published by Tworetzky et al. a
maximum reduction of pulmonary artery pressure was
observed at 20 ppm NO, whereas maximal improvenient
in oxygenation occurred at 5 ppm [23]. Response to the
introduction of iNO usually occurs rapidly in ‘respon-
ders’. Some investigators attribute clinical improvements
seen several hours later to iNO administration [24].
However it was the expert group’s view that there is a
serious danger that babies with very severe hypoxaemia
could be harmed if ECMO referral were to be delayed
whilst waiting for a ‘late” response.

If no substantial effect has been achieved during a trial
of iNO, treatment with iNO should be rapidly discontin-
ued or the baby transferred on iNO to a level 3 or tertiary
neonatal unit. This should occur as soon as the clinician is
convinced that iNO is not inducing a beneficial effect
judged by improving oxygenation. The trial to improve
oxygenation with NO should not last longer than 4 h. The
reason not to prolong NO therapy unnecessarily is that
NO synthase is down-regulated. with suppression of

endogenous NO production. Down-regulation of endog-
enous NO synthase by the use of iNO has been suggested
[25, 26, 27].

We were unable to identify studies establishing the
optimal regime for maintenance of iNO therapy once an
initial response has been established. It is, however,
logical in clinical practice to seek to minimise iNO
exposure by lowering the iINO dose, provided the
beneficial effects on oxygenation and general clinical
stability are maintained. This approach was described by
Kinsella et al. 28] in the early stages of the clinical
exploration of iNO therapy and further validated by Clark
et al. [6].

Discontinuation and weaning

Some information is available on strategies for weaning
patients from iNO as clinical improvement occurs. In a
prospective study, Demirakca et al. evaluated the clinical
response to iNO in neonates and children with acute
respiratory distress syndrome (ARDS) [21]. Attempts to
discontinue iNO were made as soon as a stable respiratory
status (PEEP<6 cmH,0, inspiration/expiration ratio of
1:2, FiO; <0.8 and an iNO concentration of 5 ppm) had
been achieved. Oxygenation index (OI) values of less
than 5 predicted successful withdrawal with a sensitivity
of 75%, a specificity of 89%, a positive predicted value of
69% and a negative predictive value of 91% [21].

Aly et al. [29] adopted a weaning strategy for babies
with PPHN which included step-wise 5 ppm decrements
of INO doses. Discontinuation of iNO was performed as
soon as the patient was stable with an FiO, less than 0.5.
Weaning was successful at the first attempt in 9 out of 16
patients. In the remaining seven neonates, major signs of
deterioration (oxygen saturation drop >10% or below
85%) prompted a reinstitution of INQ treatment for
30 min. Subsequently, FiO, was raised by 0.4 and a
successful withdrawal of iNO was then obtained. Inter-
estingly, FiO; could be returned to the pre-weaning value
in a few hours. Sokol et al. [30] noted that significant
deterioration of PaO, occurred in some babies even when
weaned from ! to O ppm, suggesting that iNO is
physiologically active even at very low concentrations.
There may be a role for other vasodilators such as
epoprostenol. iloprost, endothelin antagonists or selective
phosphodiesterase inhibitors [31] when weaning babies
from iNQ after treatment courses of sufficient duration to
down-regulate NO synthase.

Toxicity
Nitric oxide reacts with oxygen to form nitrogen dioxide

{NQO,) where the reaction rate is proportional to the square
of the NO concentration and directly proportional to the
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oxygen concentration. Whilst NO itself is a relatively
reactive molecule, NO, is demonstrably more reactive
and toxic and is a radical (it has an unpaired electron).
Due to the fact that NO is usually administered in
combination with high inhaled oxygen concentrations and
that NO, in animal experiments is damaging to the lungs
already at low concentrations when administered with
other oxidants, the main toxicological concern should be
focused on NO» exposure and this should be kept to a
minimum. In long-term exposure lung damage may occur
at 0.5 ppm NO; and acute lethal effects are seen from
100 ppm. Human subjects inhaling 2-3 ppm NO; for 5 h
demonstrated reductions in antioxidant defences and an
increase in alveolar permeability [32]. Reactive species
such as peroxynitrite formed from NO,, as well as being
tmplicated in short-term toxicity, have the potential to
cause damage to DNA, raising the possibility of muta-
genic or carcinogenic effects. However, the concentra-
tions of iNO and NO; to which patients are exposed
clinically are largely within the permitted limits for
occupational exposure [33]. There is as yet no evidence
that inhalation of NO has any lasting adverse effects.
Long-term follow-up of children exposed to iNQO therapy
will be required to establish any late adverse effect.
When NO reacts with haemoglobin, methaemoglobin
(metHb) is formed. MetHb is not directly toxic, but is
unable to carry oxygen. If metHb is allowed to accumu-
late it can significantly reduce the oxygen-carrying
capacity of blood. The monitoring and management of
metHb during clinical iNO therapy is discussed below.
Inhalation of NO has been shown by some investiga-
tors [34], but not by others [35], to inhibit platelet
function. The randomised controlled neonatal trials have,
however, not shown any difference in bleeding compli-
cations between groups administered iNO or control gas

[4].

Delivery and monitoring

Nitric oxide administration systems should deliver con-
stant concentrations of iNO within the respiratory gas
mixture independent of ventilator mode or settings,
ensure a rapid mixing and minimise contact time between
NO and oxygen, thereby reducing the possibility of
generating high NO, levels [36, 37, 38]. The delivery
system should display the pressure within the NO cylinder
to permit timely cylinder changes to be undertaken
without loss of gas supply. The system should ideally
encompass a backup power supply for use in the event of
mains failure or during intra-hospital transport. A manual
backup or ‘hand bagging’ facility must be provided for
use in the event of ventilator failure or other indications
for hand ventilation, as sudden discontinuation of iNO
therapy can be life-threatening {36, 37, 39].

The safest approach to iNO delivery is probably to use
only pharmaceutical grade NO stored in cylinders and at
concentrations and conditions approved by drug regula-
tory bodies and delivered by devices tested and approved
according to the appropriate medical device legislation.

In the clinical setting, measwrement of iINO and NO,
concentrations can be undertaken using chemilumines-
cence or electrochemical devices. There are a number of
practical disadvantages of chemiluminescence analysers
in the clinical setting, including their high cost, their need
for relatively high sample volumes, noise, their need for
regular calibration and their relative inaccuracy in
measuring NO, due to the “quenching” effect [37].
Electrochemical analysers use two separate fuel cell
sensors for NO and for NO,, placed either in the gas
mainstrecam or side stream of the ventilatory circuit.
Electrochemical devices do not underestimate NQ, levels,
are inexpensive, silent, easy to calibrate and require very
low gas sample volumes. Most devices are portable.
Electrochemical analysers are, however, relatively insen-
sitive (resolution 0.5 ppm) and their measurements may
be affected by temperature, pressure, humidity and the
presence of other gases in the environment [37]. Although
many carly studies of iINO delivery systems were
constructed by investigators for their own studies, a
number of delivery and monitoring systems have been
developed for clinical use and are commercially available
[39, 40].

Inhaled NO, concentrations should be kept to a
minimum. Clinical and experimental evidence show that
it is possible to administer 20 ppm iNO whilst generating
NO; concentrations of less than 0.2 ppm [38]. Direct
comparisons with tolerable environmental NG, concen-
trations should take into account that the awake person
inhaling NO, is exposed to at least 50% lower NO,
concentrations in their trachea due to efficient scavenging
of NQO; in the upper airways.

Nitric oxide has been supplied for clinical use by a
number of suppliers as a compressed gas diluted in a
balance of nitrogen with final NO concentrations of
between 100 and 1000 ppm. The gas is supplied in
aluminium cylinders filled to pressures of 150-200 bar.
Very concentrated preparations may be difficult to deliver
accurately whilst mixtures with low NO concentrations
can reduce FiO, excessively [41]. The final choice of
cylinder NO concentration will, therefore, depend on the
characteristics of the delivery system in use and the
required FiO; and FiNO. The future availability of iNO as
a pharmaceutical within Europe may encourage standard-
isation.

Environmental safety

The US National Institute for Occupational Safety and
Health (NTOH) suggest a “Permitted Exposure Limit” for
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NO, of 5 ppm and NO 25 ppm over an §-h period for
these potentially toxic substances [33]. Several European
countries have regulated maximal occupational exposure
to 2 ppm NO,. Extrapolating this to the ICU in which iNO
would be administered for a 24-h period, it would be
prudent to aim for environmental levels of NO, in the
ICU below 1.5 ppm. Environmental NO contamination
can oceur from two sources during iNO administration:
dumped waste ventilator gas and accidental leakage of
concentrated gas from a delivery system or cylinder. The
US Food and Drug Administration state, in their speci-
fication for medical delivery of NO, that sach delivery
“does not individually or cumulatively have a significant
effect on the human environment. Therefore, neither an
environmental assessment nor an environmental impact
statement is required” [42]. A similar ruling is applied by
the UK National Health Service, which states that
scavenging of waste NO is unnecessary provided that
ventilation in the ICU meets required standards [43].
Several studies confirm that this advice is sound [44, 45].
There must, however, be a small risk of high environ-
mental levels occurring from uncontrolled release of a
large volume of concentrated gas from a cylinder in the
event of a serious error or accident. For this reason, the
consensus group suggest that it is reasonable to measure
environmental levels of NO, continuously.

Transport

In 30-50% of babies given a trial of iNO the therapy does
not result in a sustained positive oxygenation response
[4]. Most babies who fail to respond to iNO are potential
ECMO candidates. Since acute withdrawal of iNO may
be associated with severe rebound hypoxaemia, even in
babies who apparently respond poorly [46, 47], arrange-
ments must be in place for these babies to be transferred
to an ECMO centre without interruption of iNO delivery.
Occasionally non-neonates may require transport within
or between hospital whilst receiving iNO.

Apart from the ability to deliver iNO safely to the baby
during transpott, consideration must also be given to
safety of the staff and crew within the transport vehicle,
and compliance with any regulations governing such use.
Kinsella et al. recently reported concentrations of NO and
NO; in the cabin environment of various transport
vehicles during iNO use and confirmed them to be
negligible. Furthermore, they calculated the effects of
uncontrolled release of a full US D-type NO cylinder
containing 350 I NO gas. In this * worst case scenario”
environmental NO levels were unlikely to reach danger-
ous levels (maximum 40 ppm fixed wing aircraft, 34 ppm
ground ambulance, 94 ppm small helicopter) [48].

The expert group recommend that equipment for
delivery and monitoring of iNO during transport should
caomply with standards for medical devices and the safety

and test requirements of the specific aircraft or other
transport vehicle used. Several delivery systems have
been used during transport and at least two portable
systems are commercially available, one of which is
specifically designed as a transport system [48].

Staff training

Clinical use of iNO involves potential hazards for both
staff and patients, mainly from the risk of exposure to
toxic levels of NO and NO,, but also issues such as safe
handling of gas cylinders. The safe and appropriate use of
medical equipment requires adequate preparation and
training. Regulatory authorities frequently recommend
standards for training in the use of medical equipment,
typically stating that training should include both theo-
retical and practical instruction [49]. US guidelines for
neonatal use recommend physician training [50] and some
nursing authors have discussed the need for training {51].
It has also been recommended that protocols or guidelines
should be compiled by hospitals using iNO, covering all
aspects of its use including responsibility for oft-label
prescription. Such protocols should aim to help staff
deliver iNO therapy that is both safe and effective [52].

Use of inhaled nitric oxide in preterm neonates

For the purposes of this paper, ‘pretermi’ neonates are
defined as those babies too premature to be considered for
ECMO should their condition require it, i.e. babies less
than 34 weeks completed gestation [53].

Inhaled NO may improve oxygenation in preterm
neonates with hypoxaemic respiratory failure in one of
two ways: (1) it may reverse extra-pulmonary shunting by
selectively decreasing pulmonary vascular resistance
(PVR) and (2) it may reduce intra-pulmonary shunting
(and/or V/QQ mismatch) by redistributing pulmonary blood
flow. The former mechanism is likely to be the most
important in infants with primary or secondary PPHN,
whereas the latter will be more important in the majority
of preterm infants who have parenchymal lung disease as
the primary cause of their hypoxaemic respiratory failure.

There are three published, randomised, controlled
trials (RCTs) of iNO therapy in preterm infants [14, 54,
55], overviews of which have been reported in the form of
two systcmatic reviews [53, 56]. A total of 207 infants
have been studied in these RCTs. Other RCTs (such as the
UK INNOVO trial, NICHD Preemie iNO trial and other
US trials) are either on-going or have only just completed
recruiting and results are not yet available. One small
RCT has reported the long-term newrodevelopmental
outcome following iNO therapy [57].

A Cochrane Review has summarised the results of the
three RCTs in preterm infants [53]. The study of Kinsella
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et al. [55] is the single most useful trial in that it recruited
neonates with hypoxaemic respiratory failure early in the
course of their respiratory disease, the intervention was
masked, an important primary outcome (mortality) was
chosen, there was no crossover treatment with iNO and
infants were carefully evaluated for intraventricular
haemorrhage (IVH). There is no evidence of an effect
of iNO on mortality or chronic lung disease (CLD) at
36 weeks, or on survival without CLD in preterm infants
with hypoxaemic respiratory failure. Doses of between 5—
20 ppm iNQ appear to be effective in improving arterial
oxygenation within the first 2 h of treatment. One study
showed a reduction in days of ventilation with 5 ppm iNO
in survivors [55] whilst another study reported no
difference [14].

Sufficient data are lacking for cvaluation of the
possible effects of iNO on periventricular haemorrhage
or on long-term neurodevelopmental outcome. Thus, with
the data currently available, the consensus group do not
recommend the routine use of iNO in the preterm infant
and strongly recommend its use in this indication only
within controlled clinical trials. The use of iNO could,
however, be justified as rescue therapy in life-threatening
hypoxacmia after lang recruitment has been optimised.

Use of inhaled nitric oxide in paediatric acute lung injury
and acute respiratory distress syndrome

Acute lung injury (ALI) or acute respiratory distress
syndrome (ARDS) may result from many systemic
disease processes, and affects people of all ages. No drug
therapy has been found tc impact substantially on survival
in ALI cases. Inhaled NO has been used in this setting
principally because of its effect in improving oxygenation
as therapy commences, due to improved ventilation-
perfusion matching.

The comments in this section are aimed at gniding the
clinical use of iNO in paediatric practice. Recommenda-
tions on ALI and ARDS had to be formed on a very
limited base of information as, apart from case series and
anecdotes about children, almost all data on such clinical
use of INO were only available for adult patient
populations. Five randomised controlled trials were
evaluated (Dellinger [58], Dobyns [59], Lundin [60],
Troncy [61], Michael [62]) in a recent Cochrane review
[63] assessing 535 patients, with only one trial focused on
children [59]. Tnhaled NO had no impact on mortality in
trials without crossover (relative risk 0.98, 95% confi-
dence intervals 0.66, 1.44) or with crossover of treatment
failures to open-label iNO (RR 1.22, 95% CI 0.65, 2.29).
Evidence published in one study demonstrated that iNO
resulted in a transient improvement in oxygenation in the
first 24 h of treatment: the oxygenation index (OI) showed
a mean difference of -3 (95% CI -5.354, —0.646), and
Pa0,/FiQ, ratio and a mean difference of 35 (95% CI

20.236-49.764) [58]. Other clinical indicators of effec-
tiveness, such as duration of hospital and intensive care
stay, were inconsistently reported. There were no com-
plications reported to be directly attributable to this
treatment.

Based on these data, it appears that iNO has no effect
on mortality and only transiently improves oxygenation in
ALI/ARDS. There is insufficient data to assess other end
points. The authors of the Cochrane review suggest that
any further trials of iNO in this indication must stratify for
underlying disease, since outcome is thought to be more
related to this than to respiratory failure alone.

Use of inhaled nitric oxide in children
with cardiac disease

Pulmonary hypertension is an important problem in many
children with acquired or congenital heart disease. As a
selective pulmonary vasodilator, as in neonatal PPHN,
iNO has the potential to improve the management of these
patients. Numerous reports of iNO usage in such patients
have been published including its use in the assessment of
the reversibility of pulmonary hypertension as a diagnos-
tic procedure [64, 65] and in the perioperative manage-
ment of pulmonary hypertension or RV afterload
reduction [66, 67, 68]. Inhaled NO has also been shown
to complement standard methods of differentiating reac-
tive from fixed pulmonary vascular disease [64, 65].

Inhaled NO has been shown to be effective in the
management of some patients with severe reactive
pulmonary hypertensive episodes following cardiac sur-
gery [69, 70]. In these patients, iNO is believed to replace
endogenous NO production, which is temporarily im-
paired due to the effects of cardiopulmonary bypass on
the pulmonary endothelium. One randomised, controlled
trial [71] reported that the prophylactic administration of
10 ppm iNO was associated with a significant reduction in
pulmonary hypertensive events and a reduction in time to
meeting extubation criteria. Mortality and length of ICU
stay were, however, unaffected. Another similar, but
smaller, study failed to demonstrate any benefit from
prophylactic iNO [72]. The view of the consensus
meeting experts was that data from other clinical trials
was required before the routine prophylactic use of iNO
could be recommended in children at risk of pulmonary
hypertensive events after repair of congenital heart
surgery. Inhaled NO has also been shown to improve
the haemodynamic status in patients with elevated PVR
after the Fontan operation [73] and in those with failing
right ventricles [74]. There are no RCT’s in this group of
patients.

In summary, there are few RCTs on the use of iNO in
children with cardiac disease from which to draw
evidence-based conclusions. There is insufficient evi-
dence to recommend the routine use of prophylactic
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postoperative iNO in congenital heart patients at risk of
pulmonary hypertension. The expert group felt that there
is, however, sufficient evidence (from large case series) to
support a trial of 20 ppm iNO for 10 min, increasing to
40 ppm if no response to the lower dose, in patients with
clinically significant pulmonary hypertension complicat-
ing their perioperative course. In this setting it is
recommended that iNO should only be continued if there
is documented evidence of important haemodynamic
improvement. After a 30-min trial of iNO at 20 ppm,
increasing to 40 ppm, consideration should be given to
discontinuing the drug if no clinically significant response
has occurred.

Conclusion

These guidelines, “Use of iNO in neonates and children:
consensus guidelines from the European Society of
Paediatric and Neonatal Intensive Care, the European
Society of Paediatric Research and the European Society
of Neonatology”, (please see ESM), were compiled by a
group of practitioners with knowledge of iINO therapy
drawn from the majority of European states. The guide-
lines are designed to allow the safe usc of this therapy,
within both its permitted and its potential uses. It is hoped
that these guidelines will encourage evidence-based

practice and further clinical trials on the use of iNO
therapy.
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Critical Care Services
The CCMD provides the following clinical services:
Intensive Care Unit (ICU)

The Intensive Care Unit (ICU) at the NIH is located on the third floor of the Mark O. Hatfield NIH Clinical
Center. This is a 12-bed Medical/Surgical ICU with an adjoining 6-bed intermediate care unit. The unit
can provide hemodynamic monitoring, diagnostic ultrasound, ventilatory, renal replacement, and
cardiovascular support. In addition, all medical patients and some surgical patients with predominantly
medical problems are cared for by Critical Care Medicine Department (CCMD) senior physicians and
medical fellows. The ICU team physicians, nurses, respiratory therapists, and a pharmacist, nutritionist,
and social worker dedicated to the management of CCMD patients. The department also provides a
diagnostic pulmonary service for patients with bronchoscopy and elective pulmonary artery
catheterization. The CCMD accepts patients from any service within the Clinical Center. Admission of
patients for CCMD care can be requested by contacting the CCMD physician on-call via the page
operator or by calling (301) 451-0567.

Code Team

"Code Blue" procedures a have been established to obtain emergency medical assistance for patients,
visitors, and employees. The code team serves as a mobile emergency response team, rendering
lifesaving first aid, and making appropriate referrals to any needed services including outside facilities.
The Critical Care Medicine Department (CCMD) fellow serves as the team leader. Other members of the
code team include the surgery oncology fellow, two intensive care nurses, two respiratory therapists,
and the CCMD attending physician. The team responds typically to respiratory and cardiac arrests,
anaphylaxis, respiratory distress, severe seizures, and hypotensive/ syncopal episodes.

A Rapid Response Team (RRT) had been established to obtain early access to critical care consultation
for any inpatient or outpatient if their condition appears to be deteriorating. This service is provided to
improve recognition and response to a change in patient condition and to enhance a culture of safety for
the patient. The RRT team consists of the CCMD fellow and the ICU charge nurse. The patient’s
physician, nurse, or respiratory therapist may call for this assistance whenever needed. Patients and
families may also use the service when requested through their health care provider.

Procedures, Vascular Access, and Conscious Sedation (PVCS) Services
The Procedures, Vascular Access, and Conscious Sedation (PVCS) Services are staffed by critical care
fellows and the Nursing Service and provides temporary vascular catheters to those patients requiring

continuous vascular access for long periods of time.

The service places multilumen jugular, subclavian, and femoral vascular catheters as well as
peripherally inserted central catheters. All catheters are placed using ultrasound guidance. This service
also provides conscious sedation when necessary for procedures such as vascular access,
bronchoscopy, and bone marmrow biopsies. Patient care providers may call (301) 451-0336 to make an
appointment for their patients to have catheters placed.

Critical Care Therapy and Respiratory Care Section (CCTRCS)
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The Critical Care Therapy and Respiratory Care Section (CCTRCS) was established, with specially
cross-trained respiratory therapists, to provide respiratory critical care and essential support to
accomplish specific therapeutic goals. In 1999, the CCTRCS expanded its staff and clinical services to
support all areas of the Clinical Center. In addition to our patient care responsibilities, the CCTRCS
provides monthly Basic Cardiac Life Support recertification classes to all allied healthcare personnel and
has developed a weekly lecture series to foster continued professional growth and development of our
staff.

Critical Care Nursing

The critical care nurses provide care to critically ill patients and their families. The nurses provide this
highly skilled care in close collaboration with the critical care physicians, critical care respiratory
therapists, and other members of the multidisciplinary health care team. The scope of practice for critical
care nurses encompasses patients of all ages, from infancy through adulthood, with a variety of
potentially life-threatening problems. These nurses provide care for patients on protocols from any of the
institutes of the NIH through complex and vigilant assessment and interventions. Although the patient
population is widely variable, the nurses are particularly skilled in caring for immunosuppressed patients
with life-threatening infections and/or respiratory failure and for patients requiring continuous renal
replacement therapy for acute renal failure.

This page
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Critical Care Therapy and Respiratory Care Section

Category:  Clinical

Section: Ventilator Management
Title: Standard of Practice: Care of the Mechanically Ventilated Patient
Policy #: 01

Revised: 03/00

1.0 DESCRIPTION

1.1 Definition: Mechanical ventilatory support may be provided to a patient through a wide
variety of mechanical, pneumatic, electronic, and microprocessor-driven devices for the
purposes of life support during acute respiratory failure, therapeutic support of
suboptimal cardiopulmonary function, or therapeutic support of chronic ventilatory
failure. Ideally, mechanical ventilatory support should:

e Maintain alveolar ventilation to ensure adequate elimination of carbon dioxide.

e Maintain arterial oxygenation to ensure adequate delivery of oxygen to the tissues.

e Minimize the risk of adverse pressure and volume effects on the lungs (eg, baro-
/volutrauma) and cardiovascular system.

e Aim for patient comfort.

e Provide appropriate reconditioning workloads as well as muscle rest during recovery.
e Specific instruction for the use of any of the devices of ventilatory support should
be obtained from the Operator’s Manuals for the devices. Additionally, specific
indications and procedures exist for some devices (see the corresponding procedures

in References), and Section policies still apply. The purpose of this Standard of
Practice is to provide a guideline for proper care of the patient whose medical
management includes the use of any of the devices of mechanical ventilatory support.

1.1 Indications

1.1.1 Hypercapnic respiratory failure resulting from:
1.1.1.1 Decreased respiratory drive
1.1.1.2 Increased dead space
1.1.1.3 Right-to-left shunt
1.1.1.4 Mechanical failure
1.1.1.5 Hypermetabolism with resulting increases in carbon dioxide production

1.1.2 Hypoxic respiratory failure resulting from:
1.1.2.1 Right-to-left shunt
1.1.2.2 Ventilation-perfusion mismatch
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1.1.2.3 Diffusion defect
1.1.2.4 The acute respiratory distress syndrome (ARDS)

1.1.3  Refer to the operator’s manual and/or procedure for device-specific indications
(see References).

1.2 Contraindications:

1.2.1 Documented refusal to be mechanically ventilated as per an advance directive
signed by the patient or an acceptable surrogate

1.2.2 Device-specific contraindications may exist. Refer to the operator’s manual
and/or procedure

1.3 Potential Complications
1.3.1 Pulmonary barotrauma
1.3.2 Ventilator-associated pneumonia
1.3.3 Cardiovascular compromise
1.3.4 Increased intracranial pressure

1.3.5 Device-specific complications may exist. Refer to the operator’s manual and/or
procedure.

1.4 Precautions

1.4.1 Mechanical ventilatory devices are highly sophisticated requiring understanding
of the technical components of their design, the pathophysiology of the
respiratory system, and the patient-ventilator interaction. Personnel who are
primarily responsible for implementing mechanical ventilation or associated
changes to the parameters of mechanical ventilation must demonstrate
competence in:

1.4.1.1 The technical setup and operation of the device

1.4.1.2 Cardiopulmonary physiology and pathophysiology

1.4.1.3 Interpretation of the results of arterial blood gas analysis

1.4.1.4 Assessment of the need for mechanical ventilatory support, therapeutic
response, and adverse reactions

1.4.1.5 The ability to respond appropriately to adverse reactions as well as to make
recommendations to improve the ventilator plan of care

1.4.1.6 Appropriate application of universal precautions

CCMD Share/lr/Policies/Procedures/Ventitator Management
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1.4.2 Mechanical ventilatory devices should not be adapted for uses other than those
intended by the manufacturer.

1.4.3 Any device which fails to perform according to the manufacturer's specifications
should not be used for patient care. Refer all equipment failures and
malfunctions to appropriate service personnel.

1.5 Adverse Reactions and Interventions

1.5.1 If mechanical ventilation results in life-threatening cardiopulmonary compromise,
or the mechanically ventilated patient exhibits life-threatening physical signs,
appropriate life support measures must be implemented. Specifically, the
caregiver must:

1.5.1.1 Ensure that the patient has an adequate airway.

1.5.1.2 Ensure that ventilation is supported via the use of a manual resuscitator.
1.5.1.3 Ensure that oxygenation is optimized.

1.5.1.4 Ensure that steps are taken to preserve cardiac function.

1.5.2 If a malfunction of the device is suspected, remove the patient from the device
and ensure appropriate oxygenation and ventilation. Do not reinstitute
mechanical ventilation with the device until troubleshooting maneuvers prove

proper function. Secure an alternate ventilatory device when necessary.

1.5.3 Device-specific interventions may exist. Refer to the operator's manual and/or
procedure.

2.0 EQUIPMENT AND SUPPLIES
2.1 Manual resuscitator and appropriate size mask
2.2 Cardiopulmonary monitor and supplies
2.3 Pulse oximeter and supplies
2.4 Suction equipment and supplies
2.5 Intubation equipment and supplies
2.6 Stethoscope

2.7 Oxygen analyzer
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2.8 Pressure monitor

2.9 Volume monitor

2.10 Timepiece

2.11 Device-specific humidification system

2.12 Device-specific patient interface and circuit including a water trap system capable of
closed disposal of condensation (when necessary) NOTE: Pediatric circuit shall be
utilized on pts. weighing < 20kg.

2.13 Test lung

2.14 Continuous Ventilation Record

2.15 Universal precautions attire

2.16 Calibration equipment and preventive maintenance documentation as per the
manufacturer’s specifications and departmental policy

3.0 PROCEDURE

3.1 Assure device readiness for use through evidence of calibration/performance verification.

3.2 Assess appropriateness of physician’s orders and set ventilatory parameters
accordingly. Initial settings as well as changes to ventilatory parameters must be
accompanied by physician’s orders.

3.3 Ensure proper device function with a test lung.

3.4 Connect the patient to the device. Assess the patient for tolerance and the patient-
ventilator system for good coordination and proper function. Set all applicable alarms
including alarms for thermal regulation of the humidification system.

3.5 Perform a thorough assessment of the patient-ventilator system according to the
CCTRCS Patient Assessment Policy. Document ventilator data (see 5.0.
Documentation) as well as cardiopulmonary data according to CCTRCS policy on the
Continuous Ventilation Record. Perform repeat patient-ventilator checks as per policy.

3.6 Monitor the patient continuously via cardiopulmonary monitor and pulse oximetry.
Perform arterial pH and blood gas analysis and/or capnometry or transcutaneous
monitoring as necessary and per physician order.
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3.7 Make recommendations for changes to the ventilatory care plan as appropriate.

3.8 Perform suctioning and other airway care interventions as clinically indicated to ensure
optimal pulmonary management of the patient.

3.9 Perform routine circuit and related equipment changes as per Section policy and
whenever required to restore integrity of the circuit or when the circuit is visually soiled.
3.10 Ensure that ventilator readiness data are filed according to Section policy.
4.0 POST PROCEDURE

4.1 Refer to the operator’s manual and/or procedure for specific cleaning instructions.

4.2 After appropriate disinfection and reassembly, perform a pre-use functional check
according to Section policies.

5.0 DOCUMENTATION

5.1 A proper record of ventilator care should include documentation of at least the following
every two hours:

5.1.1 Ventilator settings comply with physician orders

5.1.2 The ventilator is functioning properly as evidenced by a check of measured
volumes, rates, pressures, and FiO2

5.1.3 Alarms are appropriately set
5.1.4 Measured inspired gas temperature

5.1.5 Transcutaneous oxygen saturation (Sp0O2), carbon dioxide, or end-tidal carbon
dioxide values (when available)

5.1.6 The signature or initials of the person performing the patient-ventilator system
check and the person’s credentials are documented at the time of the check.

5.2 A proper record of ventilator care should include documentation of the following, at least
every twelve hours:

5.2.1 Alarms are activated and respond appropriately

5.2.2 The patient’s artificial airway is secure and positioned as previously
documented
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523

524

525

A manual resuscitator and appropriate size mask are available at the bedside and
functional

Physician’s orders for ventilator parameters as written are up-to-date

Physical assessment results are documented (see the CCTRCS Patient
Assessment Policy).

5.3 A proper record of ventilator care should include documentation of the following as

needed:

53.1

53.2

533

534

Ventilator circuitry and/or manual resuscitation equipment is changed according
to policy or as needed when visibly soiled or leaky

Changes to the ventilatory parameters are documented at the time of change, and
circled for easy identification

Airway care maneuvers (including suctioning) are documented when performed
Transport parameters, adverse events, weaning parameters, care plan

information, etc. are documented as needed to ensure the most complete
information on the patient and a good continuity of care.

5.4 This documentation shall be made on the patient’s Continuous Ventilation Record and/or
the nursing flowsheet.

5.5 See the CCTRCS Patient Assessment Policy for specific information on the
communication and reporting of pertinent patient information to the oncoming shift.

6.0 REFERENCES

6.1 CCTRCS Policy “Patient Assessment, Documentation and Communication of Patient
Care Information”

6.2 CCTRCS Policy “General Standards for Mechanically Ventilated Patients”

6.3 AARC Clinical Practice Guideline “Patient-Ventilator System Checks”

6.4 AARC Clinical Practice Guideline “Humidification during Mechanical Ventilation”

6.5 AARC Clinical Practice Guideline “Ventilator Circuit Changes”
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6.6 AARC Clinical Practice Guideline “Transport of the Mechanically Ventilated Patient”
6.7 Servo Ventilator 900C - Operating Manual

6.8 Servo Ventilator 300 - Operating Manual

6.9 BiPAP® Ventilatory Support System Clinical Manual

6.10 CCTRCS Procedure “Use of the Respironics BiPAP® Ventilatory Support System”
6.11 Ambu TransCARE Series Ventilators Operator’s Manual

6.12 CCTRCS “TransCARE I Transport Ventilator Procedure”

6.13 CCTRCS “Equipment Change Policy”

6.14 CCTRCS “Ventilator Weaning Procedure”

6.15 CCTRCS “Receiving and Implementing of Physician Orders Policy”

6.16 CCTRCS “Infant, Pediatric and Adult Ventilator Circuit Size Guidelines Policy”
6.17 CCTRCS “Servo Calibration Policy”

6.18 CCMD “Pressure Control Setting Policy”

6.19 CCMD “Pressure Support Mode Ventilation Policy”

6.20 CCMD “Ventilator Settings Change Policy”

6.21 CCTRCS “Compliance Measurements Policy”

6.22 CCMD “Physician Section Patient Transport Policy”
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Improved Oxygenation in a Randomized Trial of Inhaled Nitric Oxide
for Persistent Pulmonary Hypertension of the Newborn

David L. Wessel, MD*1#; lan Adatia, MBChB*#; Linda J. Van Marter, MD MPHST#;
John E. Thompson, RRT|; Janie W. Kane, RNCY; Ann R. Stark, MD§J#; and Stella Kourembanas, MD§{#

ABSTRACT. Objective. To determine the effect of in-
haled nitric oxide (NO) on clinical outcome in newborns
with persistent pulmonary hypertension (PPHN).

Design. A prospective, randomized trial of patients
referred to a level 3 nursery in a single large center.
Clinicians were not masked to group assignment. Cross-
over of patients from control to NO treatment was not
permitted.

Methods. We randomized 49 mechanically ventilated
newborns, transferred to our center with clinical and
echocardiographic evidence of severe PPHN (arterial ox-
ygen tension [Pao,] <100; fractional inspired oxygen = 1)
to treatment with or without NO. Patients with gesta-
tional age <34 weeks or with congenital heart disease or
diaphragmatic hernia were excluded. High-frequency os-
cillatory ventilation was used but not allowed concomi-
tantly with NO. Primary outcome variables were oxygen-
ation, mortality, and use of extracorporeal membrane
oxygenation (ECMO).

Results. Meconium aspiration syndrome and isolated
PPHN were the most common diagnoses (32/49) and were
distributed equally between groups. The median age at
the time of entry into the study was similar between
groups, 25 hours for control patients and 18 hours for NO
patients. Median baseline oxygenation index (OI) was
similar in 23 control (OI = 29) and 26 NO (OI = 30)
patients. Mortality (8%), use of ECMO (33%), median
days on mechanical ventilation (9 days), and duration of
supplemental oxygen (13 days) were not different be-
tween treatment groups. Pao,, oxygen saturation, and OI
improved in the NO group compared with baseline and
to control patients at 15 minutes. The median percent
change in OI (—31%) in the NO group was significantly
different from baseline and from the control group. The
difference in oxygenation between treatment groups was
still apparent 12 hours after baseline. Before cannulation
for ECMO, oxygenation was better in the NO group
compared with control patients. Among patients who
were placed on ECMO, the median time from baseline to
ECMO cannulation was 2.4 hours (range, 1 to 12 hours)
among conirol patients and 3.3 hours (range, 2 to 68
hours) for those randomized to receive NO. There was a
tendency to observe fewer adverse neurologic events
(seizure and intracranial hemorrhage) in the NO group
(4/26 vs 8/23). One child with alveolar capillary dysplasia
confirmed by postmortem examination could not be
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weaned from 80 parts per million of NO and transiently
developed methemoglobinemia (peak methemoglobin
level = 17%). No other side effects were observed.

Conclusions. Although mortality and ECMO use
were similar for both treatment groups using this study
size and design, sustained improvement in oxygenation
with NO and better oxygenation at initiation of ECMO
may have important clinical benefits. We speculate that
modification of treatment to include specific lung expan-
sion strategies with NO treatment and recognition that
early improvement of oxygenation may be sustained
with NO may lead to reduced use of ECMO in NO
treated patients compared with controls. Pediatrics 1997;
100(5). URL: http://www.pediatrics.org/cgi/content/full/
100/5/e7; persistent fetal circulation, extracorporeal mem-
brane oxygenation, high-frequency oscillatory ventilation,
alveolar capillary dysplasia, methemoglobin.

ABBREVIATIONS. PPHN, persistent pulmonary hypertension of
the newborn; ECMO, extracorporeal membrane oxygenation; NO,
nitric oxide; ppm, parts per million; Pao,, arterial oxygen tension;
F10,, fractional inspired oxygen; Paco,, arterial carbon dioxide
tension; OI, oxygenation index; HFOV, high-frequency oscillatory
ventilation.

born (PPHN) is a syndrome characterized by

increased pulmonary vascular resistance, right
to left shunting of blood, and severe hypoxemia.'-?
PPHN is frequently associated with pulmonary
parenchymal abnormalities, including meconium as-
piration, pneumonia, sepsis, lung hypoplasia, and
dysplastic alveolar capillary structure. In some in-
stances, there is no evidence of pulmonary parenchy-
mal disease and the etiology is unknown. Treatment
strategies, including alkalinization, hyperventilation,
and use of intravenous vasodilators are aimed at
lowering pulmonary vascular resistance but are as-
sociated with adverse effects and are not always
successful.* Extracorporeal membrane oxygenation
(ECMO) has improved survival for neonates with
refractory hypoxemia but may be associated with
hemorrhagic, neurologic, and other complications.>”
Although survival for PPHN has improved, better
treatment would further reduce mortality rates and
morbid outcomes.

Inhaled nitric oxide (NO) is a selective pulmonary
vasodilator.? Early investigations suggested that
this drug improved oxygenation in patients with
PPHN who were administered 6 to 80 parts per
million (ppm) of NO with oxygen.'® Although
promising, these initial studies were small case series

I )ersistent pulmonary hypertension of the new-
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with physiologic rather than clinical outcomes and
lacked a control group. Subsequent trials were infor-
mative but until recently were still limited by lack of
controls, extensive treatment crossover designs, or
inherent limitations of multicenter trials with vary-
ing definitions of standard clinical practice."*” Al-
though the efficacy of NO in the treatment of PPHN
has been recently affirmed in multicenter random-
ized trials,'®'” results of other studies may add to our
understanding of this new therapy. We conducted a
prospective, randomized trial of NO for treatment of
PPHN among patients referred to a single large cen-
ter. Our objective was to systematically introduce
this investigational therapy in a randomized fashion
to all patients with PPHN, allowing for an interim
analysis and protocol modification, until we or oth-
ers could demonstrate sustained improvement in ox-
ygenation and superior outcome with NO.2 Our pri-
mary hypothesis was that treatment with inhaled
NO would improve oxygenation compared with
controls and reduce mortality and utilization of
ECMO.

METHODS
Patients

We screened all newborns with a clinical diagnosis of PPHN
admitted to Children’s Hospital between September 1, 1992 and
September 1, 1994. Qualifying criteria for enrollment included
gestational age =34 weeks and Pao, <100 mm Hg during me-
chanical ventilation on Fio, = 1 after optimization of ventilatory
and pharmacologic strategies. Patients were sedated with narcotic
and administered muscle relaxants, with efforts made to achieve
moderate hyperventilation (Paco, = 30 to 40 mm Hg). Sodium
bicarbonate was infused to correct metabolic acidosis and raise pH
to 7.45 to 7.60. Systemic blood pressure was supported with col-
loid infusions, dopamine, and dobutamine. Intravenous vasodila-
tors such as tolazoline or prostaglandin E1 were not used.

Echocardiographic evidence of pulmonary hypertension was
required and included right to left or bidirectional shunting at the
ductus arteriosus or foramen ovale. Evidence of systemic pressure
in the pulmonary artery was inferred by Doppler assessment of
tricuspid regurgitation or by ventricular septal position.

Patients were excluded from study if they had major anomalies
including congenital heart disease or congenital diaphragmatic
hernia, or if echocardiography demonstrated evidence of low
pulmonary vascular resistance (eg, continuous left to right flow
through a patent ductus arteriosus or isolated right ventricular
dysfunction without pulmonary hypertension). Previous treat-
ment with surfactant therapy or high-frequency oscillatory venti-
lation (HFOV) at the referring institution was permitted.

Patients were randomly assigned to control or NO treatment.
Randomization schemes were developed using a permuted-blocks
design with blocks of size 10. Primary outcome variables were
oxygenation, mortality, and use of ECMO. The initial study design
predicted that a reduction in ECMO utilization from 40% to 15%
would require 50 patients in each treatment group to achieve 80%
power. For continuous variables [oxygenation index (OI) and
Pao,], a 20% reduction would require 25 patients in each group.
Additional outcomes included oxygenation before ECMO, dura-
tion of mechanical ventilation, duration of exposure to supple-
mental oxygen during hospitalization, and need for supplemental
oxygen after discharge from the hospital. We recorded and ana-
lyzed continuous variables including oxygenation, airway pres-
sures, heart rate, and systemic blood pressure during the 24 hours
after baseline measurements were obtained. Measures of oxygen-
ation were: Pao,, Pao,/F10,, OI (Ol = Fi0, X mean airway pres-
sure X 100 + Pao,), and oxygen saturation by pulse oximetry. For
patients who were supported with ECMO, we recorded the last
Pao, before preparation for ECMO and the last oxygen saturation
before initiation of ECMO. The clinical course was also noted for
occurrence of seizures treated with anticonvulsants or for abnor-
malities on head ultrasound described as intracranial hemorrhage

20f7

more severe than grade 1. Head ultrasounds were obtained at the
discretion of the responsible clinician and for all patients before
and after initiation of ECMO.

Protocol

We obtained informed consent from the parents of all patients
using a protocol approved by the Clinical Investigation Commit-
tee of Children’s Hospital with an investigational new drug num-
ber assigned by the United States Food and Drug Administration.
Patients were randomized either to receive NO or to continue
conventional therapy. Patients randomized to receive NO had the
F10, reduced to 0.97. After randomization, patients were contin-
ued in the study even though the baseline Pao, may have ex-
ceeded 100 mm Hg. Arterial blood gases, heart rate, blood pres-
sure, pulse oximetry, and all ventilator settings were recorded at
baseline and 15 minutes later. During this interval no change in
pharmacologic or mechanical support was permitted except as a
resuscitative maneuver. All clinical variables were again recorded
and analyzed at 1, 2, 6, 12, and 24 hours after baseline and daily
thereafter until hospital discharge.

All patient care decisions were made by the clinical care team
according to standard practice guidelines and were not altered by
the investigators. In both the treated and control groups attempts
to wean mean airway pressure and F10, were made after a stable
Pao, >60 mm Hg had been achieved. Patients assigned to the NO
group received a starting dose of 80 ppm. NO was weaned ac-
cording to a preset protocol which lowered the NO dose from 80
ppm to 40 ppm after 1 hour. If tolerated, this dose was continued
up to 12 hours and dose reductions to 5 ppm were attempted each
morning. NO was discontinued when the dose could be success-
fully reduced to 5 ppm for at least 12 hours while Pao, was
sustained >60 mm Hg with an Fio, = 0.5.

Alternatively, NO was discontinued when a patient was can-
nulated for ECMO or when the attending physician chose to
convert from conventional mechanical ventilation to HFOV. The
protocol permitted use of NO only during conventional mechan-
ical ventilation. HFOV was allowed before randomization, or if
NO treatment was discontinued in favor of HFOV, or at any time
in patients randomized to control. Concomitant treatment with
HFOV and NO was not permitted because of early theoretical
concerns about toxicity when NO at 80 ppm was combined with
HFOV. Criteria for initiation of ECMO included an OI >40 for at
least 1 hour or hemodynamic instability despite inotropic support.
If a patient failed to wean from an Fio, of 1.0 after persistent
attempts during 2 to 3 days, ECMO was then utilized even though
the OI was still just below 40.

We have described our NO delivery system previously.'* We
used NO gas (Scott Specialty Gases, Plumsteadville, PA and Ohm-
eda Pharmaceutical Division, Liberty Corner, NJ) of medical grade
quality which conformed to United States Food and Drug Admin-
istration standards. The source tank concentration of NO was
either 2200 ppm (45 patients) or 800 ppm (4 patients, later in the
study). NO, nitrogen dioxide, and inspired oxygen were continu-
ously monitored from a sampling port on the inspiratory limb of
the ventilator circuit (Thermoenvironmental Instruments, chemi-
luminescence model 42H, Franklin, MA). Methemoglobin levels
were measured by cooximetry (Ciba model 2500) in all patients
receiving NO after the first 15 minutes of exposure and then every
12 hours.

Statistical Analysis

Data are represented by median values and ranges along with
mean and standard error of the mean where appropriate. After a
Friedman’s analysis of variance by ranks, a paired nonparametric
test (Wilcoxon signed rank test) was used to compare the differ-
ence between baseline hemodynamic variables and after 15 min-
utes of inhaled NO and five subsequent times up to 24 hours with
correction for multiple comparisons. Comparison between pa-
tients in the control and NO treatment groups was made using the
Mann-Whitney test. Binary variables were compared using
Fisher’s exact test.

RESULTS

We enrolled 51 patients. Two patients were
promptly disqualified for study because on review of
the echocardiogram shortly after enrollment 1 pa-

INHALED NITRIC OXIDE FOR PERSISTENT PULMONARY }all\}gI;E/R;d%BISION

ownloaded from www.pediafrics.org by on

Ex. 2007-0489



tient was noted to have total anomalous pulmonary
venous connection; the other patient had an errone-
ously reported entry Pao,. Neither patient received
treatment under this protocol. Among the remaining
49 patients, 23 randomized to conventional treatment
and 26 were assigned to receive NO. There were 3
departures from the intended protocol. One patient
in the NO group received only conventional therapy.
In 2 patients who randomized to NO, the drug was
administered for only 15 minutes; conventional ther-
apy was continued for 12 and 14 hours, respectively,
before initiation of ECMO in both patients. Out-
comes for these 3 patients were analyzed according
to the intention to treat. There were no differences
between groups for age at entry, gestational age,
weight, or baseline Pao, (Table 1).

Associated conditions including meconium aspira-
tion syndrome, isolated PPHN, pneumonia, sepsis,
and rare patients with hydrops fetalis, respiratory
distress syndrome, or pulmonary hemorrhage were
similar between groups (Table 2). Surfactant therapy
was permitted at any stage during hospitalization.
Four patients received surfactant therapy including 1
after enrollment in the study.

Overall Outcome

Four (8%) of the 49 patients died, 2 in each group.
Two had alveolar capillary dysplasia identified at a
postmortem examination, and a third patient had
clinical features consistent with alveolar capillary
dysplasia but we were unable to obtain permission to
perform an autopsy of this child. One child who died
with alveolar capillary dysplasia while receiving NO
had an intracranial (thalamic) hemorrhage which
precluded use of ECMO. A fourth patient had poor
left ventricular function and a right ventricular de-
pendent circulation with echocardiographic evi-
dence of a small left atrium and left atrial hyperten-
sion with continuous right to left ductal flow, but
continuous left to right flow across the foramen
ovale. Her clinical presentation and echocardio-
graphic assessment were consistent with PPHN. Se-
vere pulmonary hypertensive changes were identi-
fied microscopically during the autopsy. NO was
administered to this patient for 15 minutes and then
discontinued because of clinical deterioration. Hy-
poxemia and hypotension persisted with conven-
tional therapy and ECMO was initiated. The patient

TABLE 1. Comparative Data at Baseline, Median (Range)
Control Nitric Oxide
(n =23) (n = 26)
Age at entry (hours) 25 (3-63) 18 (5-83)
Gestation (weeks) 40 (36-42) 40 (35-42)
Weight (kg) 3.4(2.2-5.2) 3.5 (2.5-5.0)
Heart rate 165 (139-200) 175 (135-195)

(beats per min)

Mean blood pressure 54 (39-80) 53 (35-76)

(mm Hg)
Pao, (mm Hg) 64 (27-212) 47 (24-113)
pH 7.48 (7.23-7.62) 7.51 (7.14-7.66)
Paco, (mm Hg) 34 (18-58) 31 (13-75)
Mean airway 15.2 (8.3-32) 16.3 (10.8-25.6)

pressure (cmH,0)

Oxygenation index  29.4 (10.5-114) 30.4 (10.4-84.5)

TABLE 2.  Diagnostic Categories and Associated Conditions
Diagnosis All Control Nitric Oxide
=49 (n=23) (n=26)
Meconium aspiration syndrome 22 (45%) 9 13
Persistent pulmonary 11 (23%) 7 4
hypertension of the newborn
Pneumonia 8 (16%) 3 5
Sepsis 4 (8%) 3 1
Hydrops fetalis 2 (4%) 1 1
Respiratory distress syndrome 1 (2%) 0 1
Pulmonary hemorrhage 1(2%) 0 1

died on ECMO with an intracranial hemorrhage 16
hours after baseline.

Sixteen (33%) of the 49 patients required ECMO,
one half in each group (relative risk = 1). One-
quarter of our patients had either seizures or intra-
cranial hemorrhages more severe than grade 1. No
patient was discharged home requiring supplemen-
tal oxygen (Table 3).

Differences Between Treatment Groups

There were no differences between groups with
respect to death, use of ECMO, days on mechanical
ventilation, or days receiving supplemental oxygen
(Table 3). However, measures of oxygenation after
baseline were markedly different between the two
groups. The median percentage change in Pao,/F10,
at 15 minutes compared with baseline for the control
patients (—2%, range —37% to 249%; P = .57) com-
pared with patients assigned to NO (+45%, range
—33% to 539%; P = .001) was significant (P = .03
between groups, Fig 1).

Similarly, the percentage change in Ol at 15 min-
utes compared with baseline was significant for the
NO group and it had improved compared with con-
trol patients (Fig 2). Baseline OI was similar between
the two groups but dropped dramatically in the
treated NO patients compared with baseline (—31%,
range —84 to 38%; P = .003) and also compared with
the control population (5%, range —71 to 101%; P =
.39) (P = .009 between groups). This observation was
related to changes in oxygenation and not mean
airway pressure or FI1o, the median percentage
change in Pao, was 43% (range, —35 to 539%; P
.002) for patients receiving NO and —2% for control
patients (range, —37 to 247%; P = 57) (P = .04
between groups). The median change in mean air-
way pressure at 15 minutes compared with baseline
was zero. Oxygen saturation by pulse oximetry in-
creased by 4% (range, —9% to 21%; P = .0003) in NO

TABLE 3. Outcome
All Control  Nitric Oxide
(n=49) (n=23) (n = 26)

Mortality 4 (8%) 2(9%) 2 (8%)

Extracorporeal membrane 16 (33%) 8 (35%) 8 (31%)
oxygenation

Seizure or intracranial 12 (25%) 8 (35%) 4 (15%)
hemorrhage

Median days on 9 10 9
ventilator

Median days on oxygen 13 12 13

Home oxygen 0 0 0
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Fig 1. Median percentage change in Pao,/F10, at 15 L 30
minutes compared with baseline for control patients 8’
and patients treated with NO. Oxygenation significantly & o
improved in NO patients compared with the control -
population (P = .03). g
s 10
0

-10

treated patients and 0 (range, —22 to 41%; P = .97)
for control patients (P = .006 between groups). There
was no change in heart rate or blood pressure within
groups compared with baseline or between groups.

Fifteen patients who received NO increased their
Pao, at 15 minutes by more than 20% from baseline.
Only 2 of these patients were subsequently placed on
ECMO. One of these patients, with the diagnosis of
pulmonary hemorrhage, saw improvement in Pao,
from 29 to 42 mm Hg at 15 minutes and to 55 mm Hg
2 hours later just before cannulation for ECMO (OI =
49). The second patient had improvement in Pao,
from 43 to 54 mm Hg 15 minutes after NO was
started. Pao, was sustained in the 60s in this patient.
However, after 68 hours the F10, still could not be
weaned from 0.97 without reduction in the Pao,
below 60 mm Hg; the child was placed on ECMO
(Pao, = 63 mm Hg, OI = 28). Thus, no child had a
positive response (more than 20% change) to NO
followed by marked deterioration and need for
ECMO.

The improvement in oxygenation among patients
treated with NO was sustained. Figure 3 shows the
median percentage change in Ol for both treatment
groups during the first 24 hours of study. The reduc-
tion in Ol seen at 15 minutes with NO was sustained
compared with baseline and was significantly differ-
ent from controls at later time points. After 12 hours
of treatment, the median percentage change in Ol
among NO treated patients was —50% (range, —86 to

30%; P = .0007) compared with control patients’
20
10
— 0
Fig 2. Median percentage change in OI at 15 minutes o
. . . <
compared with baseline for control patients and for o
patients treated with NO. In NO treated patients, OI °© -10
was reduced and was significantly different from con-
trol patients (P = .04). 20
-30
-40
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change of —19% (range, —81 to 97%; P = .20) (P = .03
between groups). Ol was excluded from analysis
after patients were placed on ECMO. Because the
number of patients treated with ECMO was the same
in each group (n = 8), and because the number of
patients treated with HFOV at any point in their
treatment (n = 18, controls vs n = 15, NO) was not
different between groups, the data suggest that the
immediate and sustained improvement in oxygen-
ation was attributable to NO inhalation. Analysis of
oxygenation data with ECMO patients excluded at
all times demonstrates similar findings, as does sep-
arate statistical analysis which excludes patients as-
signed to but not treated with NO. The median time
receiving NO was 22.5 hours (range, 0.25 to 137
hours).

For those patients who were placed on ECMO the
Pao, and oxygen saturation were higher in the NO
group just before cannulation (Table 4). In control
patients, the median value of the last recorded Pao,
was 38 mm Hg, similar to the baseline value. Before
ECMO the oxygen saturation by pulse oximetry had
fallen from 86% to 82%. In contrast, in NO treated
patients the median Pao, rose from 41 mm Hg at
baseline to 55 mm Hg before ECMO (P = .02, be-
tween groups) and oxygen saturation rose from 87%
to 91% (P = .02, between groups). The median time
from baseline to ECMO cannulation was 2.4 hours
(range, 1 to 12 hours; mean = 3.9 = 1.3 hours) among
control patients and for the NO group it was 3.3
hours (range, 2 to 68 hours; mean 17.7 = 8.9 hours).

i p=.39

Baseline Ol
- @ Controt = 29

NO =30 '
- p=.04
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Fig 3. Median percentage change in Ol during the first
24 hours of study. The reduction in OI during the first 15
minutes was sustained during subsequent times com-
pared with baseline (*) or to control patients () (P <
.05). OI data were not included in this figure after pa-
tients were cannulated for ECMO.

Ol (% A from Baseline)

There was a tendency toward fewer neurologic
complications in the NO treatment group. Eight of 23
control patients suffered from intracranial hemor-
rhage or seizures compared with 4 of 26 in the NO
group including the incompletely treated patient
with left atrial hypertension who died on ECMO
(P = .1 by Fisher’s exact test; Table 4).

Toxicity

The median peak methemoglobin level was 1.7%
(range, 0.1 to 17%). One patient with subsequently
documented alveolar capillary dysplasia could not
be weaned to <80 ppm of NO and developed a peak
methemoglobin level of 17% after 25 hours of treat-
ment. The methemoglobin level was reduced below
8.0% with vitamin C therapy and transfusion with
packed red blood cells. The patient died suddenly on
80 ppm of NO, 4 days after enrollment with a tension
pneumothorax and intracranial hemorrhage.

Peak nitrogen dioxide levels of 1 ppm or less were
recorded in 19 out of 26 patients who received NO.
One patient had a spurious nitrogen dioxide level of
9 ppm which could not be subsequently confirmed
using backup chemiluminescence devices. No other
patient had nitrogen dioxide levels that exceeded

5 ppm.

DISCUSSION
This study showed that inhaled NO improved ox-
ygenation in patients with PPHN compared with
control patients. This confirms earlier reports from
smaller uncontrolled trials of NO and supports the
contention that improved oxygenation can be sus-
tained with NO. The Ol improved not only during

TABLE 4. Extracorporeal Membrane Oxygenation Patients
(n = 16)
Control Nitric Oxide
n=28) n = 8)
Base Pre- Base Pre-
ECMO ECMO
Pao, (mm Hg) 38 38 41 55*
Oxygen saturations (%) 86 82 87 91*
Time to extracorporeal membrane 24 3.3

oxygenation (hours)

* P = .02 compared to control patients.
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the first 15 minutes of therapy, but was also reduced
compared with control patients at 6 and 12 hours
after initiation of therapy. Because the number of
patients treated with ECMO or HFOV was not dif-
ferent between groups one cannot attribute these
oxygenation differences to drop out of ECMO pa-
tients or artifact of mean airway pressure measure-
ments during HFOV compared with conventional
therapy.

However, sustained improvement in oxygenation
was not sufficient in all cases to avoid treatment with
ECMO. Thus, we could not demonstrate any differ-
ence in use of ECMO between the two treatment
groups. Several possible reasons may account for this
finding including: 1) lack of important clinical bene-
fit of the drug, 2) insufficient sample size to detect
clinical benefit, 3) poor patient selection for optimal
NO effect, 4) physician preference to pursue strate-
gies utilizing ECMO despite clinical improvement
with NO, and 5) incomplete utilization of optimal
ventilatory strategies to facilitate NO effect.

It seems unlikely that NO has no clinical benefit
whatsoever other than a transient effect on Pao,.
Several studies, including ours, have shown sus-
tained improvement in oxygenation with NQ.10-1214
Severe hypoxemia is usually the main indication for
ECMO. Along with cardiac output, oxygenation is
the primary determinant of oxygen delivery and,
therefore, of end organ function and clinical well
being. If better oxygenation can be obtained without
increased risk, it is likely to be desirable in PPHN.
Use of NO did not prolong exposure to mechanical
ventilation or supplemental oxygen. We did not in-
crease the risk of intracranial hemorrhage and sei-
zures. In fact, there was a tendency to observe fewer
such events in patients treated with NO, although
the number of patients affected was too small to
predict improvement in neurologic outcome with
confidence. We did not observe patients who had
favorable transient responses, but then deteriorated
to require ECMO support. This circumstance has
been described more characteristically in patients
with severe pulmonary parenchymal disease or
lung hypoplasia rather than those predominantly
affected by profound elevation in pulmonary vascu-
lar resistance.’>-¢
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Is it possible that within this study design, there
was an observable effect on clinical outcome and we
enrolled too few patients to reveal this effect? If we
exclude patients who were randomized to receive
NO, but who were prematurely withdrawn from NO
therapy or never received the drug, then the differ-
ential use of ECMO (6/23 vs 8/23) still does not
reach statistical significance. A 25% reduction in risk
of ECMO at this rate of utilization would require 438
patients in each group to achieve a statistical power
of 80%. Because many centers are now using NO,
such a study design would have little chance of
successful completion. It is unrealistic to assume that
a larger enrollment with the same study design and
clinical algorithms for care would have demon-
strated differences in clinical outcome.

Exclusion of patients with congenital diaphrag-
matic hernia and selection of patients who had clin-
ical and echocardiographic confirmation of high pul-
monary vascular resistance should have optimized
the likelihood of beneficial response to NO.** None-
theless, this study included patients who retrospec-
tively were thought to be unsuitable candidates for
successful use of NO, including those with alveolar
capillary dysplasia® and a patient with severe left
ventricular dysfunction. Better selection of patients
may further enhance our ability to detect beneficial
uses and effects of NO.

It is possible in this early limited experience with
NO, clinicians were uncertain about the clinical
course with the drug and were inclined to utilize
ECMO despite improvement in oxygenation. We ob-
served that the precannulation Pao, and oxygen sat-
uration for patients who went to ECMO were better
in the NO group. Pao, rose to the middle 50s in NO
patients as they were directed to ECMO, but stayed
between 30 and 40 mm Hg among control patients
who went to ECMO. This improvement in oxygen-
ation did not dissuade clinicians from utilizing
ECMO during this phase of our NO experience. Our
institution has reported a large ECMO experience
with low mortality; new therapies may be accepted
slowly.?® It may be argued that although patients
who were receiving NO and cannulated for ECMO
were still receiving an Fio, of 0.97, the median Pao,
of 55 mm Hg before ECMO was adequate to defer
cannulation in at least one-half of the patients. This
idea is supported by the short time between enroll-
ment and cannulation for those patients who were
supported by ECMO. It was also noted that NO
patients had a tendency to undergo cannulation for
ECMO at a slightly later time but generally within
the first 24 hours of life. An aggressive mind set
among clinicians toward utilization of ECMO may
have hindered our evaluation of the clinical efficacy
of NO but may also have accounted for the low
incidence of chronic lung disease among our pa-
tients; no patient was discharged to home on supple-
mental oxygen.

It is most likely in our opinion that the study
design of this investigation precluded the optimal
effect of NO by excluding the concomitant use of
HFOV with NO in any patient, including those with
findings of pulmonary parenchymal disease and loss

6of7 ownloaded

of lung volume on chest radiograph. As has been
suggested by Abman and Kinsella? and others, lung
recruitment strategies facilitated by HFOV ventila-
tion may enhance the efficacy of NO. With this in
mind, our protocol was reevaluated after 2 years of
enrollment when this interim analysis was con-
ducted. NO is now used in conjunction with HFOV
when clinically indicated.

Limitations

Some limitations of the study have already been
mentioned. The exclusion of HFOV and the low
power to detect small differences in clinical out-
comes are apparent.

The trial was unmasked which may introduce ob-
server bias. Although it is possible that investigators
may be biased toward overstating the benefits of the
therapy, the timing of the first hemodynamic record
and blood gas sampling was rigidly enforced at 15
minutes and 1 hour and then subsequently left to the
execution of the bedside clinicians according to pre-
set times. Thus the measures of oxygenation were
objective and less susceptible to bias. On the other
hand, the purported rapid onset of action of NO may
lead more easily in an unmasked trial to premature
and incorrect clinical assumption of treatment fail-
ure.!V” Investigators have recently suggested that
the clinical benefit of NO may be manifest through-
out several hours. An unmasked trial may permit
clinicians to condemn slow responders to a category
of failure to respond after a few minutes of NO
therapy and therefore reinforce the perceived need
for ECMO. Although indications for ECMO may be
reasonably stated to include a sustained OI >40,
many factors play a role in the timing and utilization
of this resource.

We did not investigate the dose response relation-
ship for NO nor did we establish the minimum ef-
fective dose of this drug. Based on earlier animal and
human infant experience, we chose the initial dose of
80 ppm as the likeliest tolerable dose of NO able to
achieve maximal pulmonary vasodilation.%?7.%

Methemoglobinemia was observed in 1 patient
who was the only patient who could not be weaned
from 80 ppm. This patient had postmortem evidence
of alveolar capillary dysplasia. All other patients tol-
erated reduction in NO dose to 40 ppm. Although
nitrogen dioxide levels did not exceed 3.5 ppm in
any patient, these measurements were performed
with chemiluminescence technique before our appre-
ciation that quenching effects in high oxygen envi-
ronments may contribute to falsely low (or even
negative) measurements of nitrogen dioxide.?! Mod-
ification of chemiluminescence technology for clini-
cal use, along with improvements in electrochemical
detection devices may be combined with the use of
40 ppm or lower doses of NO, to minimize toxicity
without significant compromise of any potential
therapeutic efficacy.” Nonetheless, the full range of
potential toxicity of NO and its metabolites such as
peroxynitrite, and the potential effects of adverse
interaction with free radical scavenging among nor-
mal processes in immature and diseased lungs, have
not been fully tested. This will require further study
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with randomized trials which implement appropri-
ate follow-up of patients and do not permit crossover
of treatment.

Finally, we have seen that mortality for reversible
causes of PPHN is low in an ECMO center. At most,
2 and probably only 1 patient in this series died with
reversible pulmonary hypertension. This low event
rate will make it unlikely that mortality is a realistic
outcome variable for single-center randomized trials
of the efficacy of NO in PPHN. Considering the
potential to achieve zero mortality in this disease,
centers without ECMO capability may need to re-
evaluate the timing of patient referrals, especially if
withdrawal of NO (during transport) may be associ-
ated with rebound pulmonary hypertension.®

The improvement in oxygenation and low inci-
dence of identifiable side effects with inhaled NO in
this study encouraged us to proceed with continued
randomization in a second phase of the trial using
lower NO doses and combined therapy with NO and
HFOV when indicated. This phase has just been com-
pleted and confirms the value of HFOV. These and
other studies will be required before one can con-
clude with certainty whether NO improves outcome
in patients with PPHN.
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Inhaled Nitric Oxide in the Neonate With

Cardiac Disease
Andrew M. Atz and David L. Wessel

As a selective pulmonary vasodilator, inhaled nitric oxide is an important diagnostic and therapeutic
agent for the treatment of pulmenary hypertension in patients with congenital heart disease. Among
400 patients treated in our center with nitric oxide, 37% were newborns. Hemodynamic benefit was
shown in newborns with total anomalous pulmonary venous connection, in those with congenital
mitral stenosis, and in postoperative patients with preexisting left to right shunts and other lesions.
It can be used to help discriminate anatomic obstruction to pulmonary blood flow from pulmonary
vasoconstriction, and it may be used in the treatment or prevention of pulmonary hypertensive crises
after cardiopulmonary bypass. However, none of the purported benefits of inhaled nitric oxide in
children with congenital heart disease have been studied in a randomized, placebo-controlled manner.

Copyright © 1997 by W.B. Saunders Company

Pulmonary Hypertension and Congenital
Heart Disease

Prevalence

mong causes of infant mortality in the

United States, congenital anomalies ac-
count for the largest diagnostic category, and
structural heart disease leads the list of congeni-
tal malformations." Approximately one third of
pediatric intensive care admissions are for chil-
dren with cardiovascular disorders.” Compared
with the number of adults with coronary and
rheumatic heart disease, the number of Ameri-
cans with congenital heart disease is relatively
small, but one quarter of this number are suffi-
ciently affected by the disease to require inter-
vention within the first month of life.*> The num-
ber of neonates with pulmonary hypertensive
disorders further complicating their congenital
heart disease is difficult to precisely quantify, but
likely represents about 25% of those who require
early intervention.* Their severity of illness, de-
mand on resources, and the previously limited
success of therapeutic options have focused at-
tention on this population of patients.

Importance

Pulmonary hypertension is often a crucial factor
in determining the timing or type of interven-
tion, and has been invoked as the primary deter-
minant of mortality in many lesions.>® The as-
sessment of pulmonary vascular reactivity forms
an important part of the preoperative and post-
operative management of patients with congeni-

Seminars in Perinatology, Vol 21, No 5 (October), 1997: pp 441-455

tal heart disease. A fixed elevation in pulmonary
vascular resistance may deny them the chance of
corrective surgery with the subsequent develop-
ment of progressive obliterative pulmonary vas-
cular disease and severely reduced life-expec-
tancy. Children with congenital heart disease are
frequently cyanotic and have multiple intracar-
diac shunts, often coexisting with varying de-
grees of right or left ventricular outflow tract
obstruction. Intravenous vasodilators with their
attendant risks of hypotension and increased in-
trapulmonary shunt may be not only hazardous,
but yield results that confound analysis of the
reactivity of the pulmonary vascular bed.

The Neonate With Congenital Heart
Disease

Effects of Cardiopulmonary Bypass

Only a few years ago, it was considered heretical
that a child with congenital heart disease should
be electively repaired with a single primary pro-
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cedure during the first few days of life using car-
diopulmonary bypass. Criticism of this approach
focused not only on the technical capabilities
of the surgeon, but on the adverse effects of
cardiopulmonary bypass on the neonatal myo-
cardium. Furthermore, concerns existed that se-
vere pulmonary hypertension, activated by car-
diopulmonary bypass, would compromise
postoperative hemodynamic stability. Today, sur-
gical correction of congenital heart disease, in
contrast to palliation with shunts or pulmonary
artery bands, has been extended to the neonate;
surgical correction is emerging as the preferred
approach to many defects in most major cen-
ters.”® However, perioperative care of the new-
born and infant does require an appreciation of
the relative intolerance of the immature myocar-
dium to increased afterload. The right ventricle
must face the potential challenges of the transi-
tional pulmonary circulation rendered ischemic
and reactive by cardiopulmonary bypass, while
simultaneously coping with impaired ventricular
function caused by the adverse effects of bypass.
Aside from the consequences of cardiopulmo-
nary bypass, aortic cross-clamp time, routine use
of deep hypothermia and cardioplegia solutions,
many congenital heart defects (eg, tetralogy of
Fallot, truncus arteriosus, pulmonary atresia) re-
quire a right ventriculotomy as part of the repair.
Thus, it is imperative that one minimize right
ventricular afterload during the early postopera-
tive hours while the ischemic-reperfusion injury
transiently depletes myocardial reserve and car-
diac output normally declines.®

Causes of Pulmonary Hypertension

The neonatal pulmonary vasculature may be ex-
tremely labile. Remodeling of the vessel wall,
functional maturation of the endothelial cell,
differentiation of the smooth muscle cell, release
of vasoactive mediators, and vessel recruitment
all contribute to the successful transition from
fetal to neonatal pulmonary circulation. The
child with congenital heart disease and pulmo-
nary hypertension has abnormal postnatal vessel
remodeling.’® Prolonged exposure to high pul-
monary blood flow under conditions of high
pressure will accelerate the pathological progres-
sion to less reversible states. Thus early surgical
repair has been advocated to prevent later pul-
monary vascular obstructive disease.'"'? Neona-
tal cardiac surgical repair achieves earlier and

more normal pulmonary vascular maturation. It
seems to reduce but not abolish the incidence
of problematic postoperative pulmonary hyper-
tension.'?

Several factors attributable to cardiopulmonary
bypass may raise pulmonary vascular resistance:
microemboli, platelet aggregation, complement
activation, pulmonary leukosequestration, excess
thromboxane and endothelin production, atelec-
tasis, and hypoxic pulmonary vasoconstriction
among others. Furthermore, prior data would sug-
gest that preoperative conditioning of the pulmo-
nary vascular bed, perioperative vasospastic stim-
uli, increased postoperative adrenergic tone,
along with damage to the pulmonary endothe-
lium likely combine to increase pulmonary vascu-
lar resistance after cardiopulmonary bypass. The
effect may be insidious, expressed over several
hours as low cardiac output and right heart fail-
ure, or more acutely as pulmonary hypertensive
crises. Pulmonary hypertensive crises are dramatic
events that threaten the life of an infant despite
a good surgical repair.'*'* In such situations, the
pulmonary artery pressure increases to systemic
or suprasystemic levels, the systemic blood pres-
sure falls and the arterial oxygen saturation de-
creases. In a report of a series from one large
center, half of the postoperative cardiac children
who had pulmonary hypertensive crises died dur-
ing their hospitalization.*

Inhaled NO: Measuring the Response

The first investigations of pulmonary vasodila-
tion with NO in adults were quickly followed by
several clinical reports of inhaled NO aimed at
the transitional circulation of the newborn and
children with congenital heart disease. Success-
ful clinical trials of inhaled NO have been con-
ducted among patients with persistent pulmo-
nary hypertension of the newborn (PPHN).!%!¢
However, direct measurement of pulmonary ar-
tery pressure is rarely undertaken in patients
with PPHN or in other forms of neonatal respira-
tory failure. Effects of NO treatment on pulmo-
nary hypertension may be inferred from changes
in systemic oxygenation only when hypoxia re-
sults from right to left shunting across the ductus
arteriosus or foramen ovale. Even then, oxygen-
ation is an indirect and ambiguous measure of
the effect of treatment on pulmonary vascular
resistance. The analysis is further confounded
when severe pulmonary parenchymal disease
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coexists with pulmonary hypertension. In this
setting, systemic oxygenation may improve with
inhaled vasodilators by enhancing ventilation-
perfusion matching.'” Pulmonary artery pressure
is often monitored directly in the neonate and
infant with congenital heart disease. This popu-
lation affords us a unique opportunity to directly
record the hemodynamic effects of initiation
and withdrawal of inhaled NO.

Clinical Studies

We will review the current literature regarding
the use of inhaled NO in congenital heart dis-
ease, focusing on neonates. We first present stud-
ies that used nitric oxide as a means to identify
endothelial dysfunction resulting from cardio-
pulmonary bypass and then suggest how NO may
benefit cardiac patients with combined problems
of pulmonary hypertension and acute respira-
tory fajlure. We will review its therapeutic utility
in perioperative patients with pulmonary hyper-
tension, and its use as a diagnostic tool to distin-
guish between neonates with reactive pulmonary
vasoconstriction and those with right ventricular
hypertension resulting from anatomic obstruc-
tion to pulmonary blood flow. We will also ex-
plore its use and limitations in patients with sin-
gle ventricle physiology and discuss potential
adverse effects as pertains to cardiac disease. Fi-
nally, we will consider the potential benefits of
longer-term administration of NO to facilitate
growth and remodeling of the abnormal pulmo-
nary vasculature in unusual forms of idiopathic
pulmonary hypertension identified in early in-
fancy.

Age Distribution

By 1997, we had studied the clinical response to
inhaled NO in more than 400 patients at a single
center. Nearly two-thirds of these patients exhib-
ited pulmonary hypertension associated with
congenital heart disease. Thirtyseven percent
were younger than 1 month of age and the ma-
jority were less than 1 year (Fig 1), reflecting the
bias toward early surgical repair of congenital
heart defects at Children’s Hospital, Boston” and
the perceived benefit of NO for PPHN.

Endothelial Dysfunction After
Cardiopulmonary Bypass

Pulmonary vascular endothelial dysfunction con-
tributes to postcardiopulmonary bypass pulmo-

nary hypertension. The degree of pulmonary hy-
pertension correlates with the extent of damage
to the pulmonary endothelium after cardiopul-
monary bypass. Reactivity of the pulmonary vas-
cular bed is related to the presence and degree
of preoperative pulmonary hypertension, magni-
tude of preoperative left to right shunts, and
duration of bypass. On cardiopulmonary bypass,
pulmonary blood flow is supplied only by the
vasovasorum via the bronchial circulation, which
may be inadequate to prevent ischemic damage
to the endothelium and subsequently compro-
mise endogenous production of nitric oxide. We
hypothesized that transient pulmonary vascular
endothelial cell dysfunction could be shown in
neonates and older children by documenting
the loss of endothelium dependent vasodilation
during the immediate postoperative period.
We recorded hemodynamic variables after a
2-minute infusion of the endothelium depen-
dent vascdilator, acetylcholine, at a concentra-
tion of 107°M and after inhalation of the endo-
thelium-independent smooth muscle relaxant,
NO inhaled at 80 parts per million (ppm).'® The
two agents were compared in patients with pul-
monary hypertensive congenital heart disease
before and after surgical repair on cardiopulmo-
nary bypass. Plasma levels of cyclic GMP were
measured before and after acetylcholine and NO
administration. Pulmonary vasodilation to acetyl-
choline was present preoperatively but attenu-
ated postoperatively, while response to inhaled
nitric oxide was present both preoperatively and
postoperatively. Baseline mean pulmonary artery
pressure decreased 27% * 4% preoperatively
but only 9% = 2% postoperatively with acetyl-
choline. However, after the attenuated response
to acetylcholine was shown, postoperative inhala-
tion of NO immediately lowered mean pulmo-
nary artery pressure by 26% * 3% (Fig 2). Simi-
larly, baseline pulmonary vascular resistance
decreased 46% = 5% in preoperative patients,
but declined only 11% * 4% in postoperative
patients with acetylcholine. Inhalation of NO
after acetylcholine infusion lowered pulmonary
vascular resistance postoperatively by 33% * 4%.
This suggested that the functional integrity of
the smooth muscle was intact in the presence of
endothelial dysfunction resulting from cardio-
pulmonary bypass. Elevated pulmonary vascular
resistance from atelectasis, microemboli, platelet
plugging of vessels or other fixed obstructive
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processes could not be invoked as the cause of
the blunted response to acetylcholine because
resistance decreased so dramatically with NO.
Plasma levels of cGMP in postoperative patients
were unchanged after acetylcholine, but in-
creased more than threefold during pulmonary
vasodilation with NO. This finding was consistent
with the purported role of cGMP as the second
messenger effecting smooth muscle relaxation.
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Fees Figure 1. Age analysis of
~ B 405 consecutive patients
who received inhaled NO at
Children’s Hospital, Bos-
ton.

This study suggested that cardiopulmonary
bypass is responsible for pulmonary endothelial
dysfunction. This focused attention on the endo-
thelium as an important organ to address in the
management of pulmonary hypertension. It also
highlighted the potential importance of main-
taining at least some antegrade flow from right
ventricle into pulmonary arteries during extra-
corporeal membrane oxygenation (ECMO).
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The heart should be permitted to eject some
flow into the pulmonary arteries rather than
allowing ECMO to provide total cardiopulmo-
nary bypass for several hours or days. These early
findings further suggested an important diagnos-
tic and therapeutic role that inhaled nitric oxide
might play as a result of its selective pulmonary
vasodilation with minimal systemic side effects
in children with congenital heart disease.

Acute Respiratory Failure After
Cardiopulmonary Bypass

Pulmonary parenchymal disease may coexist
with heart disease in the newborn. It complicates
evaluation and treatment of the child. In some
instances, structural abnormalities in the heart
produce pulmonary venous hypertension, flood
the alveoli with pulmonary edema fluid, and in-
duce severe intrapulmonary and extrapulmo-
nary right to left shunting of blood.

Examples of this phenomenon include the
child born with transposition of the great arter-
ies and intact ventricular and atrial septa. In this
example, inadequate mixing of blood occurs si-
multaneously with extreme elevation in left atrial
pressure. Pulmonary venous oxygen desatura-
tion may critically lower the systemic oxygen lev-
els further in this cyanotic heart disease. Immedi-
ate performance of a balloon atrial septostomy
is essential, but may not instantly correct the pul-
monary parenchymal abnormalities and alveolar
hypoxia.'® Treatment with inhaled NO may ad-
dress ventilation-perfusion abnormalities in this
circumstance as well as lower the still reactive
pulmonary artery pressure. Reports have sug-
gested that use of NO may obviate the need for
ECMO in some such circumstances by accelerat-
ing improvements in gas exchange as well as he-
modynamic recovery.?*?!

Transient acute respiratory failure may occur
in other instances after cardiopulmonary bypass,
notably after lung transplantation in children.
Here the ischemic injury to the endothelium is
exaggerated after hours of cold ischemic preser-
vation of the donor lung. The lung parenchyma
is injured such that transient graft dysfunction
characterized by lung consolidation, decreased
lung compliance, hypoxia, and pulmonary hy-
pertension may plague the patient postopera-
tively. Again in this clinical scenario, the injured
lung vasculature is unresponsive to the endothe-
lium-dependent vasodilators but highly respon-

sive to inhaled nitric oxide.? Pulmonary artery
pressure decreased precipitously with treatment,
but more importantly, PaO, increased dramati-
cally (Fig 3).

In the presence of increased pulmonary vas-
cular tone, patients with large intrapulmonary
shunts respond to inhaled vasodilators with a
reduction in intrapulmonary shunt fraction and
improved systemic oxygenation. This contrasts
with traditional intravenous vasodilators, which
are prone to override hypoxic pulmonary vaso-
constriction and worsen ventilation/perfusion
abnormalities. Evidence now exists that NO can
be administered to the donor lung to enhance
preservation during storage and transport to the
recipient.®®?* Although neonatal lung trans-
plantation is a rare procedure, other forms of
respiratory failure in newborns after cardiopul-
monary bypass are more commonly encoun-
tered. Overwhelming pneumonia is a devastating
complication that may be exacerbated by cardio-
pulmonary bypass. Mild infectious pneumonitis
or bronchiolitis in the young preoperative infant
can turn to life-threatening respiratory failure
during postoperative recovery. As an inhaled va-
sodilator, NO therapy addresses both aspects of
the disease: pulmonary hypertension and hyp-
oxia. Inhaled NO, by virtue of its antioxidant
effects, inhibition of unwanted platelet aggrega-
tion and suppression of deleterious inflamma-
tory responses during reperfusion injury, may
even have a role in routine prophylactic use for
all patients at risk of postbypass respiratory com-
plications.

NO or ECMO After Cardiopulmonary
Bypass

ECMO support for severe cardiopulmonary fail-
ure after cardiac surgery in newborns and chil-
dren has been advocated in many centers.??
Because postoperative pulmonary hypertension
after reparative cardiac operations is believed to
be life-threatening, yet reversible, NO treatment
in this condition may diminish the need for
ECMO. Certainly, Journois et al have shown the
value of NO in the ireatment of acute puimonary
hypertensive crises.”” Goldman et al described 6
of 10 patients who met institutional ECMO crite-
ria, but were managed with NO instead and sur-
vived to hospital discharge.?’ This compares fa-
vorably with published survival rates in
postcardiotomy patients supported by ECMO.*
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Figure 3. The effect of 80
ppm NO in six patients with
transient graft dysfunction
after lung transplantation.
Pulmonary artery pressure
(PAp), pulmonary vascular
resistance (PVRI), and intra-
pulmonary shunt fraction
* (Qs/Qt) decreased signifi-
cantly and PaQO; increased.
(Adapted and reprinted with
permisssion from Adatia I,
. Wessel DL: Therapeutic use

Baseline

Although there are no randomized trials exam-
ining the benefit of NO among cardiac patients,
this information suggests that a trial of inhaled
NO should be considered in these patients be-
fore cannulation for ECMO.

Total Anomalous Pulmonary Venous
Connection

Infants with total anomalous pulmonary venous
connection (TAPVC) frequently have obstruc-
tion of the pulmonary venous pathway as it con-
nects anomalously to the systemic venous circula-
tion. When pulmonary venous return is
obstructed preoperatively, pulmonary hyperten-
sion is severe and demands urgent surgical relief.
Increased neonatal pulmonary vasoreactivity, en-
dothelial injury induced by cardiopulmonary by-
pass,’® and intrauterine anatomic changes in the
pulmonary vascular bed in this disease®® contrib-
ute to postoperative pulmonary hypertension.
We hypothesized that infants with anatomically
obstructed TAPVC would have a high occur-
rence rate of postoperative pulmonary hyperten-
sion, and that their pulmonary vascular bed
could be selectively dilated with inhaled NO.
Our aim was to define the incidence of postoper-
ative pulmonary hypertension in infants with
TAPVC and to describe the hemodynamic effects
of initiation and withdrawal of inhaled NO in
those postoperative patients with pulmonary hy-
pertension. Twenty infants presented with iso-
lated TAPVC over a 3-year period and were mon-
itored for pulmonary hypertension. Nine
patients had postoperative pulmonary hyperten-

of inhaled nitric oxide. Curr
NO Op Pediatr 6:583-590, 1994.)

sion treated with a 15-minute trial of inhaled
NO at 80 ppm. Five patients received prolonged
treatment with NO at 20 ppm or less (median
28 hours, range 12 to 71 hours).

We showed a mean percentage decrease of
42% in pulmonary vascular resistance and 32%
in mean pulmonary artery pressure.” There was
no significant change in heart rate, systemic
blood pressure, or vascular resistance. Although
not statistically significant, cardiac index in-
creased by 10% (Fig 4).

Congenital Mitral Stenosis

We examined the effect of inhaled NO at 80
ppm for 15 minutes in 15 children with pulmo-
nary hypertension and congenital mitral stenosis
to assess the extent of reversible pulmonary vaso-
constriction.”® Mean pulmonary artery pressure
decreased from 42 + 2 to 30 = 2 (P < .05)
during NO inhalation. Pulmonary vascular resis-
tance declined from 5.8 + 0.7 t0 2.9 = 0.4 U+ m?
(P < .05) (Fig 5). Cardiac index, left and right
atrial pressure, mean systemic blood pressure,
heart rate, systemic vascular resistance, PaQOs,,
and calculated intrapulmonary shunt fraction
were not changed. Selective pulmonary vasodila-
tion occurred in all patients, proving the pres-
ence of a significant reactive component of pul-
monary hypertension in this disease. Prolonged
therapy with inhaled NO facilitated the manage-
ment and recovery of 4 patients. It is particularly
useful adjunctive therapy during awakening and
extubation when pulmonary hypertension wors-
ens and predisposes patients to pulmonary
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Baseline

HR 149 b/min

Cl 2.3 m/m?

BP 62 mmHg
SVR 23.5 Uem?

Figure 4. Percentage change

mPAP 35.6 mmHg

in hemodynamic variables

from baseline during 15

PVR 115 Uem?

minutes of NO at 80 ppm
in 9 patients with TAPVC. .50 -40
There is marked specificity

for the pulmonary circula-

tion.

edema. The vasoreactivity is greater than pre-
viously reported in adults with acquired mitral
stenosis.”™” This may be due to the particular
sensitivity of pulmonary veins to inhaled NO
when pulmonary venous hypertension has been
present since birth.

We have found patients with TAPVC, congeni-
tal mitral stenosis, and other pulmonary venous
hypertensive disorders to be the most responsive
to NO. These infants are born with significantly
increased amounts of smooth muscle in their
pulmonary veins.**** Histological evidence of
muscularized pulmonary veins as well as pulmo-
nary arteries™ suggest the presence of vascular

-20 -10 0 10

Percent Change in Variable
Compared to Baseline

tone and capacity for change in resistance at
both the arterial and venous sites, The increased
responsiveness observed in younger patients with
pulmonary venous hypertension to NO may re-
sult from pulmonary vasorelaxation at a combi-
nation of pre and postcapillary vessels.*>*

Anatomic Obstruction Versus Pulmonary
Vasoconstriction

As we have discussed, even if a neonatal cardiac
operation is successfully performed, endothe-
lium-dependent pulmonary vascular relaxation
is impaired after cardiopulmonary bypass and
the postoperative course may be complicated by

12
p<.05
10 +
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Figure 5. The effect of 80
ppm NO on pulmonary vas-
cular resistance (PVR) in
patients with congenital mi-
tral stenosis. PVR decreased
from baseline in all pa-
tients. (Reprinted with per-
mission of the publisher
E from Atz AM, et al: Inhaled
nitric oxide in children with
pulmonary hypertension and
congenital mitral stenosis.
Am ] Cardiol 77:316-319,

Baseline

NO (80ppm)

1996.%° Copyright 1996 by
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transient pulmonary hypertension. As shown
previously, pulmonary vasoconstriction in the
postoperative newborn is exquisitely responsive
to inhaled NO. However, reactive pulmonary va-
soconstriction may not be the only cause of ele-
vated pulmonary artery and right ventricular
pressures. Differentiation between pulmonary
vasoconstriction and anatomic obstruction to
pulmonary blood flow may be difficult, especially
in neonates. Branch pulmonary artery stenosis,
hypoplastic distal pulmonary arteries, or iatro-
genic causes of obstruction to pulmonary blood
flow may be reflected in elevated pressure in the
main pulmonary artery. A definitive diagnosis
may require invasive and potentially dangerous
investigation of the circulation.

We therefore proposed to use inhaled NO
diagnostically in neonates with pulmonary hy-
pertension after cardiac surgery to discern those
with reversible vasoconstriction. Nine of 15 pa-
tients responded to a 15-minute trial with a re-
duction in mean pulmonary artery pressure from
35 * 4 to 26 = 4 mm Hg and pulmonary vascular
resistance from 17 = 6 to 10 = 4 U-m”. There
were insignificant changes in systemic hemody-
namics. Two patients received prolonged ther-
apy with inhaled NO after the initial trial. In
both cases the use of continuous low dose (3 to
10 ppm) NO allowed management of the pulmo-
nary artery pressure, without episodic increases,
and optimization of the right ventricular
afterload. It was also possible to wean ventilatory
support and decrease sedation unpunctuated by
increases in pulmonary artery pressure (Fig 6).

Six patients did not respond to inhaled NO

ppm NO for 18 hours of
therapy.

with either a decrease in proximal pulmonary
artery pressure or an increase in systemic oxygen
saturation. In each of these patients subsequent
investigation, prompted by the failed response
to inhaled NO, showed anatomic obstruction to
pulmonary blood flow. Thus, failure of the post-
operative newborn with pulmonary hyperten-
sion to respond to NO successfully discriminated
anatomic obstruction to pulmonary blood flow
from pulmonary vasoconstriction. Judicious use
of a trial of inhaled NO may be of value to rule
out pulmonary vasoconstriction and redirect in-
vestigation toward reassessment of the surgical
result. Failure of the patient to show response to
NO should be regarded as strong evidence of
anatomic and possibly surgically remediable ob-
struction.

Other Lesions

Successful use of inhaled NO in a variety of con-
genital heart defects after cardiac surgery has
been reported by several groups.?*#*™*! Selec-
tive pulmonary vasodilation has been docu-
mented after surgical repair of ventricular septal
defects, atrioventricular septal defects, transposi-
tion of the great arteries, total anomalous pulmo-
nary venous connection, and other structural
heart defects. Some studies suggest that there is
a correlation between the response to NO and
the extent of preoperative pulmonary hyperten-
sion.*?? Synergistic use of NO with aerosolized
or intravenous prostacyclin,***® atrial natriuretic
peptide,** dipyridamole,**® or specific type V
phosphodiesterase inhibitors holds considerable
promise for more effective control of pulmonary
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hypertension in infants with congenital heart dis-
ease.

Single Ventricle

Pulmonary blood flow in the newborn with a
single ventricle and no anatomic obstruction of
flow to the lungs may become excessive as pul-
monary vascular resistance decreases after birth.
A pulmonary artery band may be applied to limit
pulmonary over circulation while the child grows
and the lungs mature. More complex single ven-
tricle anatomy with pulmonary or aortic valve
atresia requires that reliable pulmonary blood
flow be established surgically with a systemic to
pulmonary artery shunt that is sufficiently restric-
tive to prevent congestive heart failure but ade-
quate to permit oxygenation. Later during in-
fancy, when pulmonary resistance has safely
declined, a cavopulmonary anastomosis (ie, a bi-
directional Glenn or later, a modified Fontan
procedure) can be attempted as a more hemody-
namically efficient method of providing pulmo-
nary blood flow. If there is excessive cyanosis in
the newborn after placement of a systemic to
pulmonary artery shunt (eg, Blalock-Taussig), it
is tempting to attribute the hypoxemia to pulmo-
nary vasoconstriction. Indeed we have observed
dramatic improvements in oxygenation in some
of these newborns when NO is delivered. How-
ever, it is far more common for the reduction
in pulmonary blood flow to result from a kinked
or otherwise obstructed shunt that requires sur-
gical revision*” (Fig 7).

As a prelude to potential use of the cavopul-
monary anastomosis in the newborn, we studied
infants (2 to 8 months old) with refractory cyano-
sis after a bidirectional Glenn anastomosis.*® Al-
though median baseline oxygen saturation was
only 65%, administration of inhaled NO pro-
vided minimal improvement in oxygenation.
One child with respiratory syncytial virus bron-
chiolitis showed significant improvement in oxy-
genation, but NO did not substantially change
systemic oxygenation or the transpulmonary
pressure gradient in any other patient. Satura-
tions and PaO, did not change despite the fact
that there was a fivefold increase in plasma cyclic
GMP production, suggesting that inadequate
NO delivery or failure of guanylate cyclase activa-
tion could not explain the lack of therapeutic
effect. We have extended these observations to
nearly 30 patients. This suggests that the pulmo-

Figure 7. Anterior-posterior (A) and lateral (B) angio-
grams taken in a neonate with severe cyanosis and
shunt-dependent pulmonary blood flow who failed to
respond to inhaled NO. The arrow points to a discrete
shunt narrowing that required surgical revision.

nary vascular bed in the newborn after a bidirec-
tional Glenn will not be limited by pulmonary
vasoconstriction, but rather by other regulatory
mechanisms. Rather than refractory pulmonary
vascular tone, it is likely that the limiting factor
is pulmonary vascular cross-sectional area insuf-
ficient in the newborn to permit adequate pas-
sive blood flow through the lungs. Alternative
treatment strategies may combine agents to ac-
celerate postnatal growth of vessels for several
days before a planned operation and then use
NO postoperatively to avoid reactive pulmonary
vasoconstriction.
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Although not directly applicable to the new-
born, the modified Fontan procedure is the ulti-
mate reconstructive surgery for patients with a
single ventricle. The Fontan physiology succeeds
only with very low pulmonary vascular resistance,
because flow through the lungs is conducted pas-
sively without a pumping chamber. NO has been
used to considerable advantage by Macrae et al
in the postoperative management of these pa-
tients.*

Chronic NO Use

Although outpatient use of inhaled NO has been
reported in a small number of adults, its use
in younger patients with heart disease or as a
therapeutic bridge to lung or heart lung trans-
plantation is largely unstudied. NO inhibits
smooth muscie growth and matrix protein syn-
thesis in the extracellular matrix. It also reduces
hypoxic remodeling in the rat lung,’*®® sug-
gesting that it might have a salutary effect on
scarring or pathological remodeling in the hu-
man lung. We hypothesized that the antioxidant
and antiproliferative effects of NO combined
with its antihypertensive action might provide
a theoretical basis for prolonged treatment of
idiopathic pulmonary hypertension. This might
be particularly applicable to infants, who by vir-
tue of their young age, have substantial capacity
for smooth muscle regression, alveolar growth,
and angiogenesis. We treated three infants
younger than 3 months old who had severe unex-
plained pulmonary hypertension (biopsy-proven
and presumed to be fatal) with a 25-day treat-
ment regimen 