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Abstract

Background: While bubble continuous positive airway pressure (bCPAP) is commonly used in 

low-and middle-income countries (LMIC) to support neonates with respiratory distress, there are 

limited non-invasive support options for non-neonatal children.

Aim: To demonstrate safety of a new device designed to support children during respiratory 

distress in LMIC.

Methods: A paediatric bCPAP device was designed called SEAL-bCPAP (Simplified Ear-plug 

Adapted-bCPAP). SEAL-bCPAP is constructed from inexpensive, easily obtainable materials. The 

nasal prong interface was modified from previously described neonatal bCPAP set-ups using 

commercial ear-plug material to improve nasal seal. A prospective interventional study was 

conducted to evaluate safety in children with respiratory distress treated with SEAL-bCPAP. 
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Patients aged 30 days to 5 years presenting to a hospital in northern Uganda from July 2015 to 

June 2016 were screened. Those with moderate-severe respiratory distress and/or hypoxia despite 

nasal cannula oxygen were eligible for study. Enrolled patients were supported with SEAL-bCPAP 

until respiratory improvement or death. Complications attributable to SEAL-bCPAP were 

recorded. Clinical outcomes were compared with historical control pre-trial data.

Results: Eighty-three of 87 enrolled patients were included in the final analysis. No patients had 

significant SEAL-bCPAP complications. Five patients had mild complications which resolved 

(four with nasal irritation and one with abdominal distention). Trial patients had significant (P < 

0.0001) improvement in their TAL score, respiratory rate and O2sat after 2 h of SEAL-bCPAP. 

Fifty-two of 64 patients (62.7%) with severe illness at Timel did not have severe illness at Time2 

(after 2 h of SEAL-bCPAP) (p < 0.0001). Unadjusted mortality rates were 12.2% (6/49) and 9.6% 

(8/83), respectively, for pre-trial (historical control) and trial patients (p = 0.64); the study was not 

powered to show efficacy.

Conclusions: The SEAL-bCPAP device is safe for treatment of respiratory distress in non-

neonatal children in LMIC. There is a trend toward decreased mortality that should be evaluated 

with adequately powered clinical trials.
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Introduction

Pneumonia, the number one cause of mortality world-wide in children under age of five 

years, is estimated to cause two million paediatric deaths annually [1]. Ninety-seven per cent 

of pneumonia cases occur in low-and middle-income countries (LMIC) [2]. Respiratory 

support is central to reducing mortality from respiratory illnesses [3]. In LMIC, respiratory 

support is often limited to low-flow nasal cannula or face mask. While these devices deliver 

an enriched oxygen concentration, they do not support respiratory effort. In contrast, in high-

income countries, many technologically advanced treatment options are available to support 

respiratory effort. The study aimed to address the LMIC respiratory support gap. Bridging 

this gap ideally involves development of inexpensive devices that do not rely on electricity 

or intensive monitoring/skilled personnel.

Continuous positive airway pressure (CPAP) ventilation is widely used in treating 

respiratory insufficiency in paediatrics [4–6]. CPAP devices function optimally if there is 

adequate seal at the nose and/or mouth interface. ‘Bubble’ CPAP (bCPAP) is a form of 

CPAP previously used exclusively in neonates. bCPAP uses short nasal prongs as its 

interface [7]. The expiratory resistance providing alveolar and airway stenting is delivered 

via a tube whose distal aperture is under water. The distance the tube is submerged is 

approximately equal to the pressure generated in the circuit [i.e. a tube aperture under 5 cm 

of water (H2O) creates about 5 cmH2O pressure]. When the patient exhales, the water 

bubbles, hence the name ‘bubble’CPAP [8,9]. bCPAP has been shown to be a viable, safe 

alternative to mechanical ventilation in neonates [8,10–13], including in LMIC [14]. 
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Adverse events have included nasal tissue injury, abdominal distension and rarely 

pneumothorax [8].

While commercially manufactured bCPAP devices cost about US$6000 [11], simplified 

versions can be constructed inexpensively. These bCPAP devices are ideal in LMIC because 

they do not require electricity, attach to regular oxygen port or compressed air sources, are 

easy to assemble and do not require extensive training or monitoring [7].

bCPAP is not used outside the neonatal period in high-income countries. However, in LMIC, 

because of a paucity of respiratory support options, it has occasionally been used to rescue 

older children, despite a lack of well demonstrated safety and efficacy. Anecdotal reports 

note that this therapy seems limited by the difficulty of creating a secure intranasal seal in 

older children. Clinical research on bCPAP beyond the neonatal period is limited to a few 

small observational studies showing efficacy in older infants with bronchiolitis [15,16] and a 

handful of small clinical trials published in the last three years [17–20]. One randomised 

control trial in Bangladesh showed lower mortality with bCPAP than with low-flow oxygen 

in children with severe pneumonia [21]. There have been no comprehensive studies of safety 

in this age group, but adverse events reported are similar to those in neonates.

The basis of the study was the hypothesis that a bCPAP device with a nasal interface 

modified for use in older children would provide hospitals in LMICs with a safe respiratory 

support option otherwise unavailable. Simple Ear-Plug Adapted Low-Cost bCPAP, ‘SEAL-

bCPAP’, a bCPAP device with modified nasal prongs was designed. SEAL-bCPAP can be 

easily assembled on site in LMIC using readily available materials by local medical staff, 

costs under US$5 and can be run using any oxygen or compressed air source. The 

BUBBLES (bCPAP used beyond babies in low-economic setting) study was designed as a 

clinical trial to demonstrate the safety of SEAL-bCPAP. Additionally, trends in mortality 

rates using SEAL-bCPAP were evaluated as a pilot study for a larger, adequately powered 

efficacy study.

Methods

Approval

The study protocol and consent forms were approved by the institutional review boards of 

the University of Minnesota, Hennepin County Medical Center, Gulu Regional Referral 

Hospital and St Mary’s Lacor Hospital (affiliated with Gulu University and operates on 

behalf of the Uganda National Council for Science and Technology).

Consent

Patients carers were guided through an informed consent process. Consent forms were 

translated into the pre-dominant local language. If a child needed imminent stabilisation, 

abbreviated verbal consent was obtained with written informed consent reviewed after 

stabilisation. Carers could remove the child from the study at any time.
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Study design

BUBBLES was a prospective, non-blinded, non-randomised interventional study to evaluate 

the safety of SEAL-bCPAP, the modified nasal interface bCPAP device, during clinical use 

in children with respiratory distress in a low-resource setting. The study was powered to 

evaluate safety. Secondarily, clinical and mortality data were recorded and compared with 

historical data to evaluate efficacy.

Population

The trial was conducted in the paediatric acute care unit (ACU) at Gulu Regional Referral 

Hospital, a public government referral hospital in northern Uganda.

Time-frame

Historical data were collected from April 2015 to June 2015. Trial enrollment was from July 

2015 to June 2016.

Inclusion criteria

Children aged 30 days to five years with respiratory distress were screened. Those with 

moderate or severe respiratory distress based on a calculated respiratory score (TAL score > 

3) (Table 1) [22,23] or hypoxia [oxygen saturation (O2sat)<92%] despite low-flow oxygen 

were eligible for enrollment.

Exclusion criteria

Patients were excluded if they had a pneumothorax, congenital lung disease, cyanotic heart 

disease or nasal tissue injury/facial trauma/congenital anomaly that made the nasal interface 

unusable, active epistaxis, recent abdominal surgery, significant abdominal distension, 

agonal (inadequate gasping) respirations, Glasgow coma scale < 4 or in whom death was 

considered imminent.

Statistical analysis

The sample size was based on the safety analysis with a desired prevalence of <2% 

occurrence of the combined significant adverse event composite. For 1.5% precision (0.5–

3.5% actual rate) and a confidence interval of 80%, the total number of patients needed to 

evaluate safety was estimated to be 87.

Unadjusted comparisons of pre-trial and trial patient demographic characteristics, morbidity 

rates, illness severity and clinical measures [respiratory rate (RR), TAL score, O2sat] were 

undertaken using χ2 tests for categorical variables and two-sample t-tests for continuous 

variables.

Paired t-tests were used to test the null hypothesis of no change from baseline (‘Time1’) to 2 

h later (‘Time2’) in mean TAL score, RR and O2sat in the trial patients. McNemar’s χ2 test 

was used to test for change in categorical variables over time. Unadjusted associations 

between the binary outcome measures of death and severe illness with demographic and 

clinical measures were evaluated using χ2 tests for categorical variables and logistic 

regression models for continuous variables. Multiple logistic regression models were used to 
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estimate odds ratios (comparing trial with pre-trial) for mortality and morbidity adjusted for 

age, gender, baseline RR and baseline morbidity.

A significance level (α) of 0.05 was used for all statistical tests, with p-values between 0.05 

and 0.10 indicating marginally significant results. SAS version 9.4 was used for all statistical 

analyses.

Ethics

The study was designed and conducted in accordance with the current revision of the 

Declaration of Helsinki and the guidelines for protection of human subjects [24]. The study 

population was vulnerable owing to poverty/limited resources. SEAL-bCPAP provided a 

level of respiratory support unavailable in this hospital and was designed specifically for this 

population. Ethics approval was granted by the Lacor Hospital Institutional Research and 

Ethics Committee (LHRIEC 063/09/14).

Equipment

SEAL-bCPAP was constructed using inexpensive materials available in most LMIC. 

Materials included a simple nasal cannula, oxygen tubing, disposable water bottles, 

‘superglue’, tape and commercial compressible ear-plugs (3 M™ tekk protection, 

Disposable Earplugs) (Figure 1(A)). The oxygen source was cylinder or concentrator. The 

nasal interface was modified by stretching a small cut ring of compressible ear-plug material 

over the end of each nasal prong and attaching it with superglue (Figure 1(B)). This material 

was pinched and held for a few seconds on the nasal prong. The prongs, with the 

compressed material, were slipped into the nares and allowed to expand to create a more 

occlusive intranasal seal. SEAL-bCPAP was designed to not rely on electricity or require 

intensive monitoring and cost about US$5. If needed, the apparatus could be cleaned and re-

used, except the earplug material which was removed and replaced.

Continuous pulse oximetry monitors (Nellcor™ N-395) and suction machines (DeVilbiss™ 

Vacu-Aide-Compact Suction Unit, 7310 Series) were donated for the study. This degree of 

monitoring was used for the purposes of the study but is not mandatory for routine use of 

bCPAP.

Nurse training

A dedicated BUBBLES trial team of six Ugandan nurses received interactive training. All 

nurses demonstrated SEAL-bCPAP assembly and troubleshooting. Scores between nurses 

varied by a maximum of one point during evaluation of respiratory scoring.

Definitions and scoring

Respiratory score definition.—The ‘modified TAL clinical score’ (TAL score), a 

clinical scoring system not requiring laboratory data, was used to categorise the severity of 

respiratory distress. Four variables are evaluated: wheezing, retractions, RR and cyanosis. 

Each variable is scored on a scale of 0 to 3. The scores are added for a total of 0–12 points. 

The total score determines the severity of distress: ‘mild’ (0–3 points), ‘moderate’ (4–8 

points) or ‘severe’ (9–12 points) [22,23] (Table 1).
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Adverse event scoring

Any clinical findings considered secondary to SEAL-bCPAP were documented and graded. 

Grade I findings were warning signs requiring intervention to avoid significant adverse 

events. Grade II findings were considered significant adverse events. Grade I signs included 

nasal tissue redness, mild readily controlled epistaxis, incidentally identified small 

pneumothorax without respiratory status change, and abdominal distension relieved by tube 

decompression. Grade II events included nasal tissue erosion beyond the epidermis, difficult 

to control epistaxis, clinically significant pneumothorax or pneumothorax > 10% of lung 

volume (diagnosis based on detection of unequal breath sounds and/or rapid decline in 

patient’s respiratory status and confirmed by chest radiograph), abdominal distension not 

relieved by tube decompression, aspiration, peritoneal signs and device fragmentation if 

tubing completely disconnected or earplug material dislodged into the nares.

Severity of illness

Severity of illness was assessed by the TAL score and O2sat, defined as mild (TAL score 4–5 

and O2sat >90%), moderate (TAL score 6–7 or O2sat >85% but < 90%) or severe (TAL 

score ≥8 or O2sat <85%) (Table 2).

Study protocol

Patients identified by the medical officer as having respiratory distress during standard acute 

care evaluation had their TAL score and O2sat checked by a BUBBLES nurse to determine 

clinical eligibility. If criteria were met and the carer consented, support with SEAL-bCPAP 

was commenced. All other medical therapy was provided by the hospital team. Patients were 

monitored by continuous pulse oximetry. Vital signs, TAL score and examination were 

recorded before initiation of therapy (Timel), two hours after SEAL-bCPAP initiation 

(Time2) and every six hours thereafter. Examinations specifically evaluated nasal tissue 

injury, epistaxis, abdominal distension, signs of pneumothorax and device fragmentation. 

Device function was checked at least every two hours. SEAL-bCPAP level started at 5 

cmH2O and incrementally changed to a maximum of 10 cmH2O based on evaluation by a 

medical officer. SEAL-bCPAP was continued until the TAL score was <3 with ≤5 cmH2O, 

hypoxia had resolved and the medical officer agreed that the patient was stable. Patients 

were monitored in the ACU until discharge, transfer or death. Data were collected on 

outcomes and any acute adverse events possibly related to SEAL-bCPAP.

Historical data were collected three months before study enrollment when bCPAP was not 

yet available. The BUBBLES nurses monitored pre-trial patients who would have met the 

inclusion criteria and these patients were enrolled as historical controls.

Results

Study analysis

Of 101 patients considered for enrollment, 87 were enrolled and 83 were included in the 

final analysis. No patients refused enrollment. Fourteen patients met the exclusion criteria. 

Four patients were excluded after enrollment owing to subsequent diagnosis of cyanotic 

heart disease or chronic lung disease. Oxygen ran out for six patients part-way through their 
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treatment; although SEAL-bCPAP was then terminated they were still included in the study 

analysis.

Enrolled patient characteristics

Patient characteristics are shown in Table 3 and supplementary Tables 1 and 2. The study 

enrolled 44 boys and 39 girls. Mean age was 1.3 years (1 month to 4.8 years). Mean (SD) 

Time1 TAL score was 7 (1.5). Time1 illness was severe in 64/83 (77.1%) patients. Mean 

(SD) days receiving SEAL-bCPAP was 2.3 (1.4, range 2 h to 7 days).

Primary outcome

Evaluation of safety.—None of the 83 patients developed significant complications 

related to SEAL-bCPAP. Four developed mild (grade I) nasal tissue irritation which resolved 

with SEAL-bCPAP removal. Irritation was noted after two or more days on SEAL-bCPAP. 

One patient had mild abdominal distension that resolved with nasogastric tube 

decompression. All six patients who ran out of oxygen survived. Charts of deceased patients 

were reviewed with the nurse present at the time of death and deaths were unrelated to 

SEAL-bCPAP.

Mortality.—The unadjusted trial mortality was 8/83 (9.6%) and seven of those who died 

had admission diagnoses of severe pneumonia. All the deceased met the criteria for severe 

illness and none had SEAL-bCPAP complications (Supplementary Table 3).

Secondary analysis

The power to detect associations with mortality was low because only eight patients died. 

Trial patients with a severe Time1 TAL score (≥8) had a higher unadjusted risk of death than 

those with a Time1 TAL score <8 (17.7% vs 4%, P = 0.04). Adjusted for age and gender, 

patients with a severe Time1 TAL score had marginally significant higher odds of death than 

patients with a Time1 TAL <8 (OR 4.5, P = 0.08).

Time1 to Time2 analysis

Trial patients had significant (P < 0.0001, paired t-test of mean change) improvements in 

TAL score, RR and O2sat after 2 h of SEAL-bCPAP. The severity of illness score also 

improved after 2 h of SEAL-bCPAP. Fifty-two of 64 patients (62.7%) with severe illness at 

Time1 did not have severe illness at Time2 (p < 0.0001). The net improvement in TAL 

scores from ‘severe’ to ‘not severe’ was significant (p < 0.0001) (Table 4).

Pre-trial vs trial comparisons

Patient characteristics.—Pre-trial database patient characteristics are shown in Table 3 

and Supplementary Table 1. Age and gender were not significantly different; however, 

severity of illness was significantly lower (P < 0.0001) for pre-trial patients (Table 3).

Mortality.—Unadjusted mortality was 12.2% (6/49) for pre-trial patients and 9.6% (8/83) 

for trial patients (χ2 test, P = 0.64).
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Time1 to Time2 analysis.—Severity of illness at Time1 and Time2 were compared 

between pre-trial and trial patients (Table 5). At Time1, 77% of trial patients and 24.5% of 

pre-trial patients had severe illness. At Time2, 14.5% of trial patients and 18.2% of pre-trial 

patients had severe illness. Adjusted for Time1 illness severity, RR, age and gender, the odds 

of severe illness at Time2 were significantly lower for trial patients than for pre-trial patients 

(OR 0.19, P = 0.02) (Supplementary Table 4).

Discussion

In LMIC, minimal paediatric respiratory support options exist. In affluent areas, non-

invasive respiratory support with CPAP devices has become a standard treatment for 

children with respiratory distress. bCPAP, including low-cost versions, has been used safely 

and effectively for infant respiratory distress [7,9–12], but has not been extensively used or 

studied in older children.

SEAL-bCPAP, the device constructed for this study, was similar to modified neonatal 

bCPAP except for the nasal interface. A material that was tissue-tested was chosen 

(commercial ear-plugs) and used to modify the nasal prongs to improve the seal. The 

primary objective in this study was to show safety of this new modification. The primary 

hypothesis was that SEAL-bCPAP complication rate would be similar to that noted with 

conventional CPAP and neonatal bCPAP. Study results confirmed this hypothesis. No 

significant adverse events, with only mild nasal tissue irritation and abdominal distension 

amenable to tube decompression were observed. As predicted, longer use of SEAL-bCPAP 

increased likelihood of nasal tissue injury.

The complication rate in this BUBBLES study was similar to those reported in the few other 

published studies [17,20]. Specifically, during an H1N1 outbreak in India, bCPAP was used 

in 36 patients aged 5–36 months [14] and for bronchiolitis in 35 patients aged <15 months in 

a tertiary care centre in New Zealand, with no adverse events noted in either study [16]. As 

in this BUBBLES study, abdominal distension was noted in 9/229 (4%) children aged <5 

years with severe pneumonia in a study comparing bCPAP, high-flow nasal cannula and low-

flow nasal cannula [21].

While this BUBBLES study was not powered to demonstrate efficacy, collected clinical data 

showed a trend towards decreased morbidity and mortality. Illness became significantly less 

severe after two hours of SEAL-bCPAP and there was a lower adjusted odds of death in 

patients treated with SEAL-bCPAP. This trend is not surprising. Before the study began, the 

highest level of respiratory support available at the hospital was low-flow oxygen. CPAP, 

whether bCPAP or conventional CPAP, works by maintaining a positive airway pressure 

throughout the breathing cycle, resulting in decreased effort in breathing and improved 

oxygenation [4–6]. It is predicted that this higher level of respiratory support improves 

outcome, and a few recent studies have demonstrated the clinical efficacy of similar bCPAP 

devices in this older age group [18–20]. One of the only randomised trials of bCPAP in 

children was terminated early owing to a significant decrease in mortality in children treated 

with bCPAP versus low-flow cannula [21]. This BUBBLES study shows that after two hours 

of SEAL-bCPAP children had significantly improved respiratory scores and less severe 
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illness. The modification of the nasal interface appeared to improve the nasal seal which 

created less leakage and would predictably improve CPAP delivery and lower the necessary 

oxygen flow rates needed.

Several factors in this study may have affected the degree of mortality/morbidity benefit. It 

is important to note that the trial patients had significantly more severe illness than pre-trial 

patients. The trend in decreased mortality in more severely ill patients and thus the benefit to 

overall mortality might be under-estimated. The greater severity of illness in trial patients is 

not fully understood. Despite the aim to collect data on all pre-trial patients with respiratory 

distress, there is concern that the more severely ill pre-trial patients may not have been 

captured owing to the severity of their illness. Without respiratory support, pre-trial children 

with severe illness may have died while awaiting evaluation/stabilisation or fled seemingly 

futile care. In this study’s trial phase, severely ill patients were screened and SEAL-bCPAP 

was commenced; thus, the enrolled patients were more severely ill and the pre-trial mortality 

rate might have been higher than documented.

Study limitations

Evaluation for complications was based on clinical evidence and therefore small 

pneumothoraces might not have been identified. The study was not a randomised controlled 

trial, nor was it powered or designed to evaluate the effectiveness of bCPAP in children 

outside the neonatal period. The pre-trial versus trial group differences raise questions for 

those evaluating the study despite the obvious clinical improvement seen at the bedside by 

the researchers. Patients with all-cause respiratory distress were enrolled. Because the study 

was not limited to respiratory distress caused by lung disease (i.e. pneumonia, bronchiolitis, 

asthma), there are more variables which could have contributed to patients’ overall course. 

This BUBBLES study was not designed to eliminate other factors (i.e. antibiotic use, 

nutritional status or blood products) which could contribute to differences in mortality since 

these should not significantly affect safety. Additionally, mortality data could be con-

founded by care provided by the dedicated BUBBLES team; however, the same nurses 

contributed to care of the pre-trial patients who were monitored for data collection purposes.

Conclusions

To conclude, owing to the high mortality rate from respiratory diseases in LMIC, there is a 

great need for simple, low-cost, safe and effective respiratory support. SEAL-bCPAP safely 

provided respiratory support to children aged 1 month to 5 years. A larger, randomised 

control trial is required to truly demonstrate efficacy, but, based on the results of this pilot 

study, decreased mortality with SEAL-bCPAP use is expected.
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Figure 1. 
(A) SEAL-bCPAP set-up (device constructed from oxygen tubing, nasal cannula, plastic 

water bottle and tape/glue); (B). Nasal prong adaptation with ear-plug material.
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Table 3.

Baseline (Time1*) characteristics.

Pre-trial BUBBLES trial

Baseline characteristic n=49 n=83 p-value
†

Gender, n (%) 0.83

 Male 25 (51) 44 (53)

 Female 24 (49) 39 (47)

Age, yrs, mean (SD) 1.8 (1.4) 1.3 (1.3) 0.06

Time1 RR
‡
, mean (SD)

55.8 (13.6) 64.4 (15.2) 0.002

Missing for 4

Time1 O2sat, mean (SD) 90.0 (10.5) 79.4 (12.9) <0.0001

Missing for 2 Missing for 1

Time1 TAL score, mean (SD) 5.0 (1.0) 7.0 (1.5) <0.0001

Range 3–8 (a) 4–11

Time1 illness severity, <0.0001

 n (%)

  Mild 25 (51.0) 3 (3.6)

  Moderate 12 (24.5) 16 (19.3)

  Severe 12 (24.5) 64 (77.1)

*
Time 1, baseline data at first examination; prior to any intervention.;

†
p-values are for the χ2 test for proportions and two-sample t-test for means.

‡
respiratory rate (a) one patient with TAL = 3 had O2sat = 91. p-values in bold type are statistically significant.
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Table 4.

Trial patients Time1 (before SEAL-bCPAP) vs Time2 (two hours after SEAL-bCPAP commenced).

Time1 Time2 Mean (SE)

Measure Mean (SD) Mean (SD) change p-values*

TAL score 7.0 (1.5) 5.6 (1.6) −1.4 (0.17) <0.0001

Respiratory rate 64.4 (15.2) 54.5 (17.1) −9.4 (1.6) <0.0001

oxygen saturation 79.4 (12.9) 94.6 (8.5) 15.1 (1.6) <0.0001

Illness severity Time1 Time2

n (%) n (%)

None 0 6 (7.2)

Mild 3 (3.6) 26 (31.3)

Moderate 16 (19.3) 39 (47.0)

Severe 64 (77.1) 12 (14.5)

TAL severity

<8 49 (59.0) 74 (89.2)

≥8 34 (41.0) 9 (10.8)

*
p-value for paired t-test of mean change
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Table 5.

Illness severity at Time1 and Time2 in trial and pre-trial patients.

Pre-trial BUBBLES trial

Illness
severity

Time 1 Time 2 Time 1 Time 2

n = 49 (%) n = 44 (%) n = 83 (%) n = 83 (%)

None 0 13 (29.6) 0 6 (7.2)

Mild 25 (51) 19 (43.2) 3 (3.6) 26 (31.3)

Moderate 12 (24.5) 4 (9.1) 16 (19.3) 39 (47.0)

Severe 12 (24.5) 8 (18.2) 64 (77.1) 12 (14.5)
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