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Abstract

Objectives: To test the feasibility, safety, and efficacy of intratracheal delivery of nitric oxide 

(NO) generated from air by pulsed electrical discharge via a Scoop catheter.

Study design: We studied healthy 3- to 4-month-old lambs weighing 34±4 kg (mean±SD, n=6). 

A transtracheal Scoop catheter was inserted through a cuffed tracheostomy tube. U46619 was 

infused to increase mean pulmonary arterial pressure (mPAP) from 16±1 to 32±3 mmHg (mean

±SD). Electrically generated NO was delivered via the Scoop catheter to awake lambs. A sampling 

line, to monitor NO and nitrogen dioxide (NO2) levels, was placed in the distal trachea of the 

lambs. The effect of varying doses of electrically generated NO, produced continuously, on 

pulmonary hypertension was assessed.

Results: In awake lambs with acute pulmonary hypertension, NO was continuously delivered via 

the Scoop catheter at 400 ml/min. NO induced pulmonary vasodilation. NO2 levels, measured in 

the trachea, were below 0.5 ppm at intratracheal NO doses of 10–80 ppm. No changes were 

detected in the levels of methemoglobin in blood samples before and after 5 min of NO breathing.

Conclusions: Continuously delivering electrically generated NO through a Scoop catheter 

produces vasodilation of the pulmonary vasculature of awake lambs with pulmonary hypertension. 

Transtracheal NO delivery may provide a long-term treatment for patients with chronic pulmonary 

hypertension as an outpatient without requiring a mask or tracheal intubation.
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Introduction

Nitric oxide (NO) is an important mediator in the nervous, immune, and vascular systems of 

the human body. In December 1999, the FDA approved the inhalation of NO gas as a 

treatment for hypoxic newborns with persistent pulmonary hypertension (PPHN). Since 

then, NO has been used widely in major medical centers of the developed world to treat 

pulmonary hypertension in newborns, children, and adults [1; 2; 3; 4]. By 2018, more than a 

half million Americans with various causes of pulmonary hypertension had received in-

hospital NO inhalation therapy. However, the delivery of NO therapy requires gas cylinders 

and a cylinder distribution network, a complex delivery device to regulate NO, nitrogen 

dioxide (NO2), and O2 concentrations, and a trained respiratory therapy staff. The cost of 

providing NO therapy in the USA for 5 days, to an average newborn patient with PPHN, is 

about $14,000 [5]. To overcome the barriers to treatment with NO, we developed a simple, 

lightweight, and economical NO generation device, which produces therapeutic levels of NO 

by pulsed electric discharges in air [5; 6; 7].

The transtracheal Scoop catheter is a small, flexible, plastic tube that can pass through the 

lower neck into the trachea, to deliver oxygen directly into the lungs. The Scoop catheter 

was first used to deliver O2 for long-term therapy in 1982 [8]. Since the first use tens 

thousands of patients in the US have had Scoop catheters inserted into the trachea for gas 

delivery, including patients with chronic obstructive pulmonary disease (COPD), interstitial 

lung disease (ILD), congestive heart failure, and patients awaiting heart-lung transplantation 

[9; 10]. The techniques for safely inserting a Scoop catheter have improved dramatically 

over the past thirty-seven years. The modified Seldinger technique (MST) [11] and “fast 

tract” procedure [8; 12] are the most commonly employed methods with few complications. 

There are several advantages to using the Scoop catheter to deliver O2: (1) the ability to 

deliver high gas flow rates (up to 12 L/min) of a humidified and warmed O2/air mixture; (2) 

the opportunity to “buy time” needed to stabilize a patient and thereby avoid tracheal 

intubation and mechanical ventilation; and (3) the ability to reduce a patient’s “work of 

breathing”[13], which may be especially beneficial for patients with COPD. Transtracheal 

oxygen therapy avoids a mask or tracheal intubation which many patients do not want. 

Because of previous studies demonstrating the benefits of delivering O2 via the Scoop 

catheter [8; 9; 10], we sought to determine the feasibility, safety, and efficacy of 

continuously delivering electrically generated NO in air via a Scoop catheter to awake, 

spontaneously breathing lambs. First, we sought to determine whether continuous 

intratracheal delivery of electrically generated NO in air would vasodilate the pulmonary 

vasculature of awake lambs with drug-induced pulmonary hypertension. Second, we 

measured NO2 and NO levels inside the lamb’s trachea during NO delivery.

Materials and Methods

Measurements of inspired NO, NO2 and O2 levels

To monitor NO and NO2 levels, an NO analyzer (Sievers 280i Nitric Oxide Analyzer, GE 

Analytical Instruments, Boulder, CO), and a Cavity Attenuated Phase Shift (CAPS) NO2 
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monitor (Aerodyne Research Inc., Billerica, MA) were used, respectively. An oxygen 

analyzer (MiniOX I, Ohio Medical Corporation, Gurnee, IL) measured levels of O2.

Schematic of NO generator

The NO generator consists of a mini gas pump, an NO generation chamber controlled via a 

Bluetooth controller, and an intratracheal Scoop catheter which delivers continuously 

generated NO in air into the trachea of awake lambs (Fig. 1). The gas pump injects air into 

the NO generation chamber at a flow rate of 400 ml/min. The NO generation chamber 

includes an iridium spark plug, an NO2 scavenger consisting of 6.5 g Ca(OH)2, and a 0.22 

μm high-efficiency particulate air (HEPA) filter. Energy is stored and released by an 

autotransformer and is delivered to the spark gap (2 mm) to create a plasma. The discharge 

of the electrodes is regulated by a microcontroller circuit. The level of NO production was 

controlled by four pulse pattern variables as previously described [5]: the number of spark 

groups per second (B); the number of spark discharges per group (N); the pulse duration in 

μs (P); and the period in μs between sparks (H). The settings of the four pulse variables in 

this study were B=1, N=210–1340, P=500, and H=250.

Animal studies

Sheep studies were approved by the Massachusetts General Hospital Institutional Animal 

Care and Use Committee (Boston, MA). We studied 6 healthy 3- to 4-month-old, 34±4 kg 

(mean±SD), Polypay lambs from a cesarean-derived, specific pathogen-free sheep flock 

(New England Ovis). One day before each experiment, a complete blood count was 

performed to confirm the healthy state of each animal. No abnormality in whole blood 

analysis was measured in any of the lambs. General anesthesia was induced with 5% inhaled 

isoflurane (1-chloro-2,2,2-trifluoroethyldifluromethyl ether, Baxter) in O2 delivered via a 

mask and then maintained with 1–4% isoflurane in 50% O2 during surgery. No paralyzing 

agents were used. During general anesthesia, all lambs were ventilated with a mechanical 

ventilator (model 7200, Puritan Bennett) at a tidal volume of 400 ml and respiratory rate of 

10 to 14 breaths/min. After tracheal intubation, catheters were placed in the femoral artery 

and the pulmonary artery (via the external jugular vein), and a percutaneous tracheostomy 

was performed (femoral arterial catheter, Arterial Catheterization Set, Arrow International 

Inc., Cleveland, OH; pulmonary arterial catheter, 7.5F Swan-Ganz, Edwards Lifesciences, 

Irvine, CA; tracheostomy kit, Ciaglia Blue Rhino, Cook Medical LLC, Bloomington, IN; 

cuffed tracheostomy tube, 8.0 mm, Smiths Medical, Dublin, OH). Analgesia was provided 

intravenously using fentanyl (50 μg) before induction of general anesthesia and 

buprenorphine (3 mg) was administered during surgery. After tracheal intubation and 

vascular cannulation, isoflurane was discontinued and the animals were allowed to emerge 

from anesthesia and fully recover for 2–3 hrs. Awake, spontaneously breathing lambs were 

then studied. Lactated Ringer solution was administered IV at 10 ml/kg/hr. To induce 

pulmonary hypertension, the potent pulmonary vasoconstrictor U46619 (Cayman Chemical, 

Ann Arbor, MI), an analog of the endoperoxide prostaglandin H2, was infused intravenously 

at a rate of 0.8–0.9 μg/kg/min to increase the mean pulmonary arterial pressure (mPAP). All 

hemodynamic measurements and blood samples were obtained at baseline, during and at the 

end of each NO treatment. The mean arterial pressure and mPAP were continuously 

monitored using a Gould 6600 amplifier system (Gould Electronics, Inc., Eastlake, OH). 
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Pulmonary capillary wedge pressure (PCWP), heart rate, and cardiac output were measured 

at baseline, during U46619 infusion, and before, during and after inhalation of NO. Cardiac 

output was assessed by thermal dilution as the average of three measurements after an 

intravenous bolus injection of 10 ml of ice-cold saline solution. Pulmonary vascular 

resistance (PVR) was calculated using a standard formula of [(mPAP-PCWP)/CO]*80.

The tracheostomy was performed to allow the insertion of a gas sampling line (ID=1 mm) 

into the distal trachea (just above carina) of a spontaneously breathing lamb. Thus, we could 

monitor the levels of NO and NO2 directly inside the trachea. A Scoop catheter (ID=2 mm, 

OD=3 mm, length=11 cm, Scoop, Transtracheal Technologies, Englewood, CO) was 

inserted via the cuffed tracheostomy tube (Fig. 2). A distance of 2.5–3 cm between the tips 

of the sampling line and the Scoop catheter was sufficient to avoid directly sampling the NO 

gas delivered from the Scoop catheter. To ease the irritation that the sampling line caused 

inside trachea of awake lambs, 2% lidocaine (1–2 ml) was injected into the trachea every 2 

hours. During NO delivery, the settings of the NO generator were adjusted to produce the 

desired intratracheal NO concentrations (10, 20, 40, 60, and 80 ppm). Three lambs received 

increasing doses of NO (from 10–80 ppm) and the other 3 lambs received decreasing doses 

of NO (from 80–10). With the NM3 Respironics airway flowmeter (Philips Healthcare, 

Thornton, CO), we measured tidal volume, the I:E ratio, and respiratory rate in awake, 

spontaneously breathing lambs.

The mPAP response to each level of NO delivery was continuously measured for 5 min. At 

the end of each trial, the mPAP was measured for an additional 3 min after NO production 

and delivery was discontinued. A 5 to 10 min interval, with the animal breathing air, was 

allowed before the next concentration of NO was tested. During continuous NO production, 

NO was measured in the distal trachea by chemiluminescence and NO2 levels was measured 

using CAPS. Sample gas was continuously withdrawn from the trachea at 300 ml/min and 

the peak values of sampled NO and NO2 were reported. Plasma levels of nitrate and nitrite 

were measured before and after breathing 80 ppm of NO for 5 min using 

chemiluminescence method, as previously described [14].

Statistical analysis

All variables were found to be normally distributed by the Shapiro-Wilk test and are 

expressed as mean±SD. A two-way analysis of variance with repeated measures was 

performed to determine the effect of breathing electrically generated NO delivered via a 

Scoop catheter on the mPAP and PVR of lambs with pulmonary hypertension (GraphPad 

Prism v.6; GraphPad Software Inc.). Two-tailed analyses were performed, and a P-value < 

0.05 was considered significant.

Results

Electrically-generated NO delivered through a Scoop catheter reduces mPAP and PVR in 
awake lambs with acute pulmonary hypertension

In this study, we investigated whether electrically generated NO could be used to deliver 

intratracheally to awake, ambulatory sheep with drug-induced pulmonary hypertension. 
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Awake, spontaneously breathing lambs received a continuous IV infusion of the 

thromboxane analog U46619, which increased mPAP from 16±2 to 32±3 mmHg. The lambs 

spontaneously breathed with an average tidal volume of 154±27 ml, and the I:E ratio varied 

from 1:1.4 to 1:2.0, at an average respiratory rate of 41±10 breaths/min. The mPAP was 

subsequently measured while lambs breathed air and 10, 20, 40, 60, or 80 ppm NO delivered 

through a Scoop catheter. The amount of NO produced by the NO generator was adjusted 

based on the measured level of NO in the trachea. Breathing electrically generated NO at 20, 

40, 60, or 80 ppm reduced the mPAP beginning 1 min after initiating production of NO. 

Breathing 20–80 ppm NO decreased mPAP by 20% at 20 ppm, 23% at 40 ppm, 25% at 60 

ppm, and 35% at 80 ppm, respectively (P<0.05, mPAP before vs after NO breathing, Fig. 

3A). After the NO generator was turned off, mPAP returned to 31±4 mmHg within 1 min. 

Thus, intratracheal delivery of electrically generated NO (20–80 ppm) decreased PVR in 

lambs with acute pulmonary hypertension (Fig. 3B).

All lambs tolerated the Scoop catheter well and neither sedation nor restraints were required 

to prevent the animals from displacing the catheter. MAP, heart rates, and cardiac output 

were measured at baseline, and (with continuous i.v. infusion of U46619) before, during and 

after inhalation of NO (Table 1). Continuous infusion of U46619 increased MAP from 98±6 

to 119±9 mmHg. NO breathing did not affect MAP, heart rate, or cardiac output. After 

breathing NO (80 ppm) for 5 min, the plasma nitrate level increased from 7.2±2.1 to 

14.1±3.2 μM (n=5, P<0.05), and the plasma nitrite level increased from 0.4±0.1 to 0.7±0.2 

μM (n=5, P<0.05). These results are consistent with previously published data [15; 16]. The 

NO2 levels sampled from the lambs’ trachea were below 0.5 ppm with tracheal delivery of 

NO between 10–80 ppm (Fig. 4). In addition, no significant changes were found in the levels 

of methemoglobin before and after breathing NO (Table 2). Taken together, the results show 

that electrically-generated NO can be delivered through a Scoop catheter to treat acute 

pulmonary hypertension in awake, ambulatory sheep.

Discussion

In this study, we found that NO delivered through a Scoop catheter vasodilated the 

pulmonary vasculature in awake, spontaneously breathing, lambs with drug-induced 

pulmonary hypertension. The gas sampling line, placed inside the lamb’s distal trachea via 

the tracheostomy tube, measured the level of NO delivered to the animals. Electrically 

generated NO (20–80 ppm) decreased mPAP and PVR in awake ambulatory lambs with 

pulmonary hypertension. Breathing 20 ppm, but not 10 ppm, significantly reduced 

pulmonary hypertension, showing that 20 ppm was the minimally effective dose. All of the 

lambs tolerated the Scoop catheter without requiring sedation. The data demonstrate that it is 

feasible and effective to deliver electrically generated NO through a Scoop catheter to 

vasodilate the pulmonary vasculature.

NO reacts with O2 to form NO2. In the current study, a 6.5 gram Ca(OH)2 scavenger was 

sufficient to maintain the tracheal NO2 levels below 0.5 ppm for all NO doses. This level of 

NO2 is significantly below the 1 ppm limit set by the Occupational Safety and Health 

Administration for daily 8 hour exposure [17]. Delivering NO directly into the trachea is 
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important, because it decreases dead space and thereby reduces the production of NO2 and 

reduces the rate of consumption of the NO generator’s NO2 scavenger.

Various electrical systems have been developed and used to produce NO for biomedical 

purposes, including pulsed arc [18; 19; 20; 21], gliding arc [22], dielectric barrier [23; 24], 

microwave [25], corona [26], radio frequency induced coupled discharge [27], and non-

thermal atmospheric pressure high-frequency plasma discharge [28; 29]. These methods 

produce large amounts of NO2 and O3 as toxic byproducts requiring complex purification 

systems. We have developed a simple and safe method to generate NO from air by pulsed 

electrical discharge [5; 6; 7]. NO can be delivered through a ventilator, face mask or nasal 

cannula. However, several problems associated with current delivery systems prevent 

inhaled NO therapy in ambulatory patients outside of the hospital. These problems include 

the high flow rates that are required for face mask NO delivery and the side effects of 

chronic gas delivery through a nasal cannula including ear irritation, sinus infection, and 

recurrent epistaxis [12]. The delivery of oxygen through a transtracheal Scoop catheter has 

been used for nearly 40 years to provide long-term oxygen therapy to patients with chronic 

hypoxemia. The transtracheal Scoop catheter provides an alternative to a face mask or nasal 

cannula, and has been used to deliver oxygen for patients with COPD, ILD, pulmonary 

fibrosis, and other advanced lung diseases. Transtracheal oxygen therapy permits the use of 

gas flow rates up to 12 L/min, and decreases the patient’s work of breathing by reducing the 

anatomic dead space of the airway. Transtracheal oxygen therapy reduces the oxygen 

amount required for face mask or nasal cannula about 50% at rest and 30% with exercise, 

this allows use of smaller, lighter ambulatory units with extended functional capacity [10]. 

Because transtracheal therapy permits the use of decreased oxygen flow rates, patients are 

no longer confined to their homes and have an improved quality of life [30]. In a previous 

study, Snell and colleagues delivered 40 ppm of NO via a Scoop catheter to a patient with 

end-stage pulmonary hypertension for 68 days as a “bridge” to heart-lung transplantation 

[9]. The transtracheal route of NO administration proved acceptable to the patient and, 

compared to NO delivered by mask or nasal cannula, reduced episodes of sudden NO 

withdrawal. Our previous studies demonstrated that a single HEPA filter and a 12 g Ca(OH)2 

scavenger effectively removed all metal particles and the potential toxic NO2 gas during NO 

generation [6]. We reported that mice, exposed to breathing electrically generated NO (50 

ppm, 28 days), did not develop pulmonary inflammation or structural changes in the airway. 

NO generated electrically from the electric NO device makes NO breathing a feasible 

treatment for long-term therapy.

In conclusion, the recent development of an electric, lightweight NO generation device 

makes it practical to deliver NO therapy for prolonged periods to ambulatory patients. 

Transtracheal delivery of NO may provide an alterative for patients who require long-term 

NO therapy, but cannot tolerate a face mask or nasal cannula.
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Highlights:

• Electrically generated NO was used to treat pulmonary hypertension

• NO was delivered by transtracheal delivery via a Scoop catheter

• Delivering electrically generated NO via a Scoop catheter permits long-term 

therapy

• The minimal effective dose of NO was 20 ppm
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Fig. 1. 
Schematic of NO injection device.
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Fig. 2. 
Diagram of the intratracheal Scoop catheter
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Fig. 3. 
Breathing NO, generated continuously and delivered through an intratracheal catheter, 

reduces mPAP and PVR in awake lambs with acute pulmonary hypertension (n=6). 

Pulmonary hypertension was induced by IV administering U46619 to lambs for 30 min 

before treatment with NO (baseline (BL)). Electrically generated NO was administered at 30 

min for 5 min and mPAP (A) and PVR (B) were measured each min before, during, and 

after breathing NO, at concentrations ranging from 10–80 ppm. *P<0.05 for time 31 to 35 

min compared to 30 min (before NO breathing) at NO of 20, 40, and 60 ppm; P<0.001 for 

time 31 to 35 min versus 30 min at NO of 80 ppm. **P<0.05 for time 31 to 35 min versus 30 

min (before NO breathing) at NO of 20, 40, and 60 ppm; P<0.01 for time 31 to 35 min 

versus 30 min at NO of 80 ppm.
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Fig. 4. 
The level of NO2 was sampled inside the trachea near the carina, while NO was delivered at 

400 ml/min in air via the Scoop catheter to awake lambs (n=6).
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