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Preface to ”Nutritional Management of Cystic

Fibrosis”

We are delighted to share this Special Issue targeted at all health care providers and researchers

working and taking care of people with cystic fibrosis (CF). With the advent of CFTR modulator

drugs, the landscape of CF care is changing, and non-pulmonary manifestations are emerging as

important issues. Nutrition has always been a critical issue in CF care, but with increasing lifespans

and unprecedented increases in overweight and obesity in this population, it is important to shift

research and clinical focus and care plans to exploring the role that nutrition has on long-term health

and quality of life. Our purpose for this Special Issue was to share updates and new nutrition topics

with our readers. With this is mind, we present updates on classic topics such as pancreatic enzyme

replacement therapy and growth, as well as new topics such as the microbiome and probiotics, food

insecurity, and diet quality specific to individuals with CF. We cover new literature on vitamin D

and CFRD, the interaction between vitamin E pharmacokinetics and vitamin C, and vitamin status in

children with CFTR gene mutations. Achieving an optimal nutrition status encompasses more than

body weight; thus, we include studies of body composition, including the use of muscle ultrasound,

as well as the impact of exercise on nutrition status. We have enjoyed putting this Special Issue

together and hope that the readers will find it enjoyable and enlightening too. We thank all of the

excellent authors for their contributions to this issue.

Maria R. Mascarenhas and Jessica Alvarez

Editors
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Abstract: Food insecurity (FI) is defined as “the limited or uncertain access to adequate food.” One
root cause of FI is living in a food desert. FI rates among people with cystic fibrosis (CF) are higher
than the general United States (US) population. There is limited data on the association between
food deserts and CF health outcomes. We conducted a retrospective review of people with CF under
18 years of age at a single pediatric CF center from January to December 2019 using demographic
information and CF health parameters. Using a Geographic Information System, we conducted
a spatial overlay analysis at the census tract level using the 2015 Food Access Research Atlas to
assess the association between food deserts and CF health outcomes. We used multivariate logistic
regression analysis and adjusted for clinical covariates and demographic covariates, using the Child
Opportunity Index (COI) to calculate odds ratios (OR) with confidence intervals (CI) for each health
outcome. People with CF living in food deserts and the surrounding regions had lower body mass
index/weight-for-length (OR 3.18, 95% CI: 1.01, 9.40, p ≤ 0.05 (food desert); OR 4.41, 95% CI: 1.60,
12.14, p ≤ 0.05 (600 ft buffer zone); OR 2.83, 95% CI: 1.18, 6.76, p ≤ 0.05 (1200 ft buffer zone)). Food
deserts and their surrounding regions impact pediatric CF outcomes independent of COI. Providers
should routinely screen for FI and proximity to food deserts. Interventions are essential to increase
access to healthy and affordable food.

Keywords: cystic fibrosis; food insecurity; food deserts; body mass index

1. Introduction

Food insecurity (FI) is an important barrier that has the potential to significantly impact
the health and well-being of children and families. The US Department of Agriculture
(USDA) defines FI as a household in which there is “limited or uncertain access to adequate
food” [1,2]. Some root causes of FI include poverty and food deserts, or low-income census
tracts with a substantial number of residents with poor access to retail outlets selling
healthy and affordable foods [3]. The USDA further defines low income and low access
within a census tract as “a poverty rate of 20 percent or greater, or a median family income
at or below 80 percent of the statewide or metropolitan area median family income,” and
“at least 500 persons and/or at least 33 percent of the population lives more than 1 mile
from a supermarket or large grocery store (10 miles, in the case of rural census tracts),”
respectively [4].

Evidence suggests that FI rates among people with cystic fibrosis (CF) may be higher
than the general United States (US) population [5]. In CF, optimal growth and nutrition,
identified as body mass index (BMI) > 50%, are correlated with better lung function and

Nutrients 2021, 13, 3996. https://doi.org/10.3390/nu13113996 https://www.mdpi.com/journal/nutrients1
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overall health; therefore, adequate caloric intake is a mainstay of CF care [5–8]. As people
with CF have increased caloric demands (1.5 to 2 times the energy needs of the general
population), FI and/or poor access to healthy food options may contribute to inability
to achieve and maintain appropriate weight gain and lead to malnutrition in CF [9].
Addressing FI is key because it can independently have detrimental effects on child health,
including more frequent hospitalizations, developmental problems, nutritional deficiencies,
chronic stress leading to depression/anxiety/toxic stress, and increased long-term mortality
resulting from metabolic syndrome, particularly cardiovascular disease [2,10,11].

Although FI screening has increased across many CF centers, there remains limited
data on the association between FI, particularly as it relates to food deserts, and CF health
outcomes [12]. This study investigated the effects of food deserts and their surrounding
regions on health outcomes, including BMI/weight-for-length, percent predicted forced
expiratory volume in 1 s (ppFEV1) and hospitalizations secondary to pulmonary exacerba-
tions, in children and adolescents with CF. Additionally, we examined the impact of other
neighborhood features that might affect child health by utilizing the Child Opportunity
Index (COI).

2. Materials and Methods

2.1. Setting and Study Design

We conducted a retrospective review of people with CF under 18 years of age at a
tertiary level Children’s Hospital center from January 2019 to December 2019. We collected
patient demographic information, including age, sex, race/ethnicity, and home address,
along with CF health parameters, including year-best BMI percentile or weight-for-length
percentile, year-best ppFEV1 for children 6 years and older, CF modulator use, and number
of hospitalizations due to pulmonary exacerbation from the US Cystic Fibrosis Foundation
Patient Registry (CFFPR).

We geocoded the most recent participant home addresses using a Geographic Infor-
mation System (GIS), a computerized system that can capture, store, analyze, manage,
and present data that are linked to a location. GIS differs from other information systems
to address location questions, as it uses multiple layers of geospatial data and advanced
spatial statistics, networking, and analysis tools [3].

The Institutional Review Board (IRB) of the University of Pittsburgh approved this
study with a waiver of informed consent (protocol number: 20050263).

2.2. Area Resources

We used the 2015 Food Access Research Atlas, a USDA database that provides food
access data for populations within census tracts and identifies which census tracts are low
income and low access, also known as food deserts [13]. It maps food access indicators, such
as accessibility to healthy food sources measured by distance or availability of a vehicle,
for each individual census tract “using 1

2 -mile and 1-mile demarcations to the nearest
supermarket for urban areas, 10-mile and 20-mile demarcations to the nearest supermarket
for rural areas” [13]. For the purposes of this study, we used the 1- and 10-mile demarcation
for urban and rural areas, which align with the USDA food desert definition. Data from the
2015 Atlas came from the 2010 Decennial Census and the 2014–2018 American Community
Survey (ACS).

We used the Child Opportunity Index (COI) 2.0 to examine the impact of neighborhood
factors on CF health and to adjust for any confounders in our analysis related to food
deserts. COI 2.0 measures neighborhood resources and conditions that play a role in child
development and is specific to children. It includes 29 indicators that are sorted into three
domains: (a) education; (b) health and environment; and (c) social and economic. Examples
of the indicators include, but are not limited to, early childhood education, green space,
social and economic resources, employment rate, poverty rate, median household income,
and public assistance rate. The COI 2.0 provides an overall opportunity score for each
census tract using 2015 US Census Bureau and the American Community Survey data with

2



Nutrients 2021, 13, 3996

the lower scores being suggestive of less opportunity. Each domain is also assigned an
opportunity score for each census tract. The census tracts are then grouped into high, very
high, moderate, low, very low opportunity scores for each domain and overall category.
For the purposes of this study, we grouped the COI scores into high/very high versus
moderate/low/very low [14].

Using GIS software (ArcGIS Pro, Esri, Inc., Redlands, CA, USA), we conducted a
spatial overlay analysis using the 2015 Food Access Research Atlas (Figure 1a). We also
included buffer zones with a 600-foot (600 ft) and 1200-foot (1200 ft) walkability distance
from food deserts to assess if living near a food desert (in addition to living within a food
desert) contributed to poor health outcomes (Figure 1b,c). By using a reverse spatial join
in ArcGIS Pro, we applied the food desert layer and COI score layer onto the geocoded
patient addresses and their health parameters.

2.3. Outcome Variables

Our primary health outcome was year-best BMI percentile (for patients above 2 years
of age) or weight-for-length percentile (for patients under 2 years of age). Secondary
outcomes were lung function (as measured by year-best ppFEV1 for patients that were
6 years and older, and who could adequately and reproducibly participate in the testing)
and number of hospitalizations secondary to pulmonary exacerbations. We defined ideal
BMI as >50th percentile, ideal ppFEV1 as >90th percentile and significant pulmonary
exacerbations if requiring 2 or more hospitalizations in one year. The Cystic Fibrosis
Foundation recommends that children and adolescents maintain a BMI or weight for
length at or above the 50th percentile, as weight above this threshold has been associated
with better ppFEV1 [15]. The CF pulmonary guidelines categorize severity of lung disease
with normal FEV1 being greater than 90% predicted [16].

 
(a) 

Figure 1. Cont.
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(b) 

 
(c) 

Figure 1. (a) Zoomed in spatial overlay of food deserts (Allegheny County, PA, USA) and patient sample. (b) Zoomed in
spatial overlay of food deserts (Allegheny County, PA, USA) plus a 600 ft buffer and patient sample. (c) Zoomed in spatial
overlay of food deserts (Allegheny County, PA, USA) plus a 1200 ft buffer and patient sample.
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2.4. Statistical Analysis

We used GIS software (ArcGIS Pro, Esri, Inc., Redlands, CA, USA) for the geographic
data analysis and IBM SPSS Statistics software (Version 28.0, Armonk, NY, USA) for
the statistical analysis. We estimated odds ratios and 95% confidence intervals (CI) for
associations between food deserts, buffer zones, COI scores, and the three health outcomes
(BMI/weight-for-length, ppFEV1, and pulmonary exacerbations requiring hospitalization)
using logistic regression.

We created multivariate logistic regression models for each health outcome to assess
the individual effects of food deserts (and their buffer zones) and COI scores and both
combined. BMI/weight-for-length, ppFEV1, and hospitalizations secondary to pulmonary
exacerbations were dependent variables, and food deserts and COI scores were inde-
pendent variables in the models. Model 1 examined food deserts individually. Model 2
examined COI scores individually and their potential effects on health outcomes. Model 3
examined food deserts adjusting for COI scores. We adjusted each model for covariates,
including age, sex (female/male), race/ethnicity (non-Hispanic White/other), and modu-
lator use (yes/no). We repeated this methodology for food deserts plus 600 ft and 1200 ft
buffers. We used cross tabulation to observe differences between the several variables that
were applied. We defined statistical significance as p ≤ 0.05.

3. Results

The study included 206 children and adolescents with CF residing in Pennsylvania,
West Virginia, and Ohio. Table 1 presents the demographic and clinical characteristics of
the patient sample. The average age of the patient sample was 9.5 +/- 5.6 years. About half
of the patient population was female (47%). Most of the participants in the sample were
White (92.7%), which is consistent with the national US CF population [17].

Table 1. Characteristics of the CF patient sample.

Characteristics Overall Food Desert
Food Desert +
600 ft Buffer

Food Desert +
1200 ft Buffer

Total 206 17 20 29

Demographics
Age (range 0–18 years) 9.5 * (5.6) 8.7 * (5.5) 9.5 * (5.5) 9.8 * (4.9)

Female, % 47% 47% 45% 52%
White, % 92.7% 94% 95% 93%

Modulator Use, % 11.6% 18% 20% 14%

Clinical Outcomes

BMI/weight-for-length, percentile 63 * (24.4) 56.6 * (29.7) 53.5 * (28.5) 56.8 * (28.0)

ppFEV1 (>6 years old) 95.9 * (17.1)
n = 141

92.5 * (17.2)
n = 11

87.2 * (18.8)
n = 14

90 * (16.9)
n = 22

Pulmonary Exacerbations 0.5 * (1.2)
Range: 0–8

0.7 * (2.2)
Range: 0–6

0.8 * (1.4)
Range: 0–6

0.6 * (1.2)
Range: 0–6

* Mean (standard deviation).

3.1. Model 1: The Individual Impact of Food Deserts and Surrounding Regions on CF Health
Outcomes

When accounting for food deserts alone, children and adolescents with CF living in
a food desert had 2.9 times the odds (95% CI: 1.1, 8.21, p ≤ 0.05) of having a non-ideal
BMI as those not living in a food desert. There were no significant increased odds of a
non-ideal ppFEV1 or increased hospitalizations from pulmonary exacerbations in food
deserts (Table 2).

Children and adolescents with CF living in a food desert or within a 600 ft walkability
distance from a food desert had four times the odds (95% CI: 1.54, 10.69, p ≤ 0.05) of
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having a non-ideal BMI as those not living in or 600 ft from a food desert. Additionally,
those living in a food desert or within a 600 ft walkability distance from a food desert
had three times the odds (95% CI: 0.99, 9.66, p ≤ 0.05) to have a non-ideal FEV1 as those
not living in or 600 ft from a food desert. There were no significant increased odds of
increased hospitalizations from pulmonary exacerbations in food deserts or within a 600 ft
walkability distance (Table 2).

Table 2. Multiple Regression Models of CF Outcomes: Food Deserts, Surrounding Regions, and COI.

Health Outcome COI Food Desert
Food Desert + Food Desert +
600 ft Buffer 1200 ft Buffer

BMI
Model 1 a

1.07 (0.59, 1.94)
p-value 0.832

2.9 (1.1, 8.21) * 4.06 (1.54, 10.69) * 2.65 (1.16, 6.07) *
OR (95% CI) p-value 0.039 p-value 0.005 p-value 0.021

Model 2 b

OR (95% CI)
Model 3 c 3.18 (1.01, 9.40) * 4.41 (1.60, 12.14) * 2.83 (1.18, 6.76) *

OR (95% CI) p-value 0.036 p-value 0.004 p-value 0.020

ppFEV1 (6 years and older)
Model 1 a

0.99 (0.49, 2.02)
p-value 0.984

1.79 (0.51, 6.32) 3.09 (0.99, 9.66) * 1.90 (0.74, 4.92)
OR (95% CI) p-value 0.363 p-value 0.050 p-value 0.184

Model 2 b

OR (95% CI)
Model 3 c 1.90 (0.51, 7.14) 3.33 (1.03, 10.84) * 2.02 (0.75, 5.46)

OR (95% CI) p-value 0.340 p-value 0.045 p-value 0.166

Hospitalizations for
Pulmonary Exacerbations

Model 1 a

1.01 (0.41, 2.53)
p-value 0.976

2.22 (0.53, 9.25) 2.49 (0.69, 8.95) 1.19 (0.35, 4.05)
OR (95% CI) p-value 0.273 p-value 0.163 p-value 0.778

Model 2 b

OR (95% CI)
Model 3 c 2.42 (0.52, 11.15) 2.63 (0.69, 10.01) 1.20 (0.34, 4.31)

OR (95% CI) p-value 0.258 p-value 0.156 p-value 0.777
a Model 1: Food Desert +/- Buffer Zone Alone; b Model 2: COI Alone; c Model 3: Food Desert +/- Buffer Zone adjusted for COI Overall
Score; OR: odds ratio; CI: confidence interval; * Significant estimate at p ≤ 0.05.

Children and adolescents with CF living in a food desert or within a 1200 ft walkability
distance from a food desert had 2.7 times the odds (95% CI: 1.16, 6.07, p ≤ 0.05) of having a
non-ideal BMI as those not living in or 1200 ft from a food desert. There were no signif-
icant increased odds of a non-ideal FEV1 or increased hospitalizations from pulmonary
exacerbations in food deserts or within a 1200 ft walkability distance (Table 2).

3.2. Model 2: The Individual Impact of Childhood Opportunity (COI Scores) on CF Health Outcomes

When accounting for COI scores individually, there were no significant increased
odds of a non-ideal BMI, non-ideal FEV1, or increased hospitalization from pulmonary
exacerbations in children and adolescents with CF that lived in census tracts that had a
moderate/low/very low opportunity score versus a high/very high opportunity score
(Table 2).

3.3. Model 3: The Impact of Food Deserts and Surrounding Regions on CF Health Outcomes,
Adjusting for COI Scores

Children and adolescents with CF living in a food desert had 3.18 times the odds
(95% CI: 1.01, 9.4, p ≤ 0.05) of having a non-ideal BMI as those not living in a food
desert when adjusting for the overall COI score. When adjusting for each individual
COI domain, children and adolescents with CF living in a food desert continued to have
increased odds of having a non-ideal BMI as those not living in a food desert. There
were no significant increased odds of a non-ideal FEV1 or increased hospitalization from

6
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pulmonary exacerbations in food deserts when accounting for the overall COI score or any
of the three domains (Table 2).

Children and adolescents with CF living in a food desert or within a 600 ft walkability
distance from a food desert had 4.4 times the odds (95% CI: 1.6, 12.14, p ≤ 0.05) of having a
non-ideal BMI and 3.3 times the odds (95% CI: 1.03, 10.84, p ≤ 0.05) of having a non-ideal
FEV1 as those not living in or 600 ft from a food desert when adjusting for overall COI
scores. When adjusting for each individual domain, children and adolescents with CF
living in a food desert or within a 600 ft walkability distance continued to have increased
odds of having a non-ideal BMI and a non-ideal FEV1 as those not living in or 600 ft from a
food desert. There were no significant increased odds of increased hospitalizations from
pulmonary exacerbations in food deserts or within a 600 ft walkability distance when
accounting for the overall COI score or any of the three domains (Table 2).

Children and adolescents with CF living in a food desert or within a 1200 ft walkability
distance from a food desert had 2.8 times the odds (95% Cl: 1.18, 6.76, p ≤ 0.05) of having a
non-ideal BMI as those not living in or 1200 ft from a food desert when adjusting for overall
COI scores. When adjusting for each individual domain, children and adolescents with CF
living in a food desert or within a 1200 ft walkability distance continued to have increased
odds of having a non-ideal BMI as those not living in or 1200 ft from a food desert. There
were no significant increased odds of a non-ideal FEV1 or increased hospitalization from
pulmonary exacerbations in food deserts or within a 1200 ft walkability distance when
accounting for the overall COI score or any of the three domains (Table 2).

4. Discussion

Children and adolescents with CF living in a food desert or within a 600 ft or 1200 ft
walkability distance from a food desert have increased likelihood of having a non-ideal
BMI/weight-for-length. Patients living within a 600 ft walkability distance from a food
desert also had increased odds of having suboptimal lung function. These findings are
independent of other childhood opportunity factor or social determinants of health, in-
cluding healthcare access, education quality, employment, poverty rate, and neighborhood
environment, suggesting that the unfavorable health outcomes are driven by food access
rather than by alternate social, environmental or health indicators.

Prior studies have demonstrated that the social, economic, and neighborhood envi-
ronment play a role in the health [18]. Structural factors play a significant role in health
inequities and furthermore suggest that “environment restricts freedom of choice, or that
behavior is chosen to compensate for unfavorable circumstances” [19]. Poverty is a barrier
to healthy foods, a safe environment, and better employment, all of which are predictors of
better health [20,21]. Children are not immune from these effects. Children with limited
access to healthy foods develop poorer eating habits, placing them at increased risk for
developing chronic disease, such as mental health ailments, asthma, and diabetes. Addi-
tionally, children, who live in a food insecure household, have increased odds of having
fair/poor health reported and of being hospitalized since birth [22].

Our findings are consistent with current literature suggesting that living in a food
desert has a negative impact on health [23,24]. It has also been noted that FI contributes to
greater healthcare costs, particularly when looking at patients with chronic disease [25]. A
systematic review of food deserts found that in addition to limited access to supermarkets,
small independent stores and convenience stores charge higher prices for food, compound-
ing the effects of food deserts. Individuals, including children, living in food deserts
are at increased risk of developing obesity, in part due to lower fruit and vegetable ac-
cess [18,21,26–29]. Some characteristics of neighborhoods that are affected by poor access to
grocery stores and healthy foods include lower-income and minority neighborhoods [28]. A
cross-sectional study comparing lower income versus higher income neighborhoods found
that certain neighborhood characteristics may predispose children to obesity regardless of
other demographic or socioeconomic factors [30].
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There have been a few studies examining the impact of social determinants of health
on health outcomes in people with CF; however, no prior study has looked at the impact
of food deserts and their surrounding regions on CF health outcomes. A recent study
by Oates and colleagues linked respiratory health in people with CF to state- and area-
level characteristics, particularly an association with area resource deprivation and overall
state child health [31]. Another study looking at the associations of socioeconomic status
with CF health outcomes found that medically indigent individuals with CF suffer more
adverse outcomes than the general CF population, including higher mortality and worse
pulmonary function and growth [32].

While similar GIS techniques have been used in other chronic disease population
studies, this study is one of the first to apply GIS methodology in CF [21,31,33,34]. Impor-
tantly, a strength of this study was our use of full home addresses, leading to more precise
estimates of geographic linkages to health outcomes. Most studies, including the ones
referenced above, use participants’ postal ZIP codes as opposed to full addresses. ZIP codes
are helpful in assessing food desert status or level of geography for indices; however, they
can span across multiple census tracts consisting of potentially demographically diverse
areas and may be less precise due to misclassification of socioeconomic status [35].

Given these findings, it is important to address how we can increase food access
for people with CF living in or near food deserts, in addition to identifying individuals
at risk. Screening for FI is one potential option; however, some people with CF and
families might not answer truthfully due to the stigma associated with FI. Another option
is to geographically assess proximity to food deserts as a marker for food resources that
might be needed. Expanding the availability of nutritious and affordable food is also
key, as limited access to affordable food choices can lead to increased FI. Food deserts
need assistance in creating tax incentives, developing and equipping grocery stores, small
retailers, corner markets, and farmer’s markets, along with partnering with community
allies that can enhance the ability to connect families to resources [36]. Driving economic
growth in food deserts could lead to indirect health benefits. One example of a proposed
intervention is the Healthy Food Financing Initiative implemented by the US government,
which utilizes funding by the federal government to bring stores and food retailers to
underserved communities [37]. Additionally, similar to farmer’s markets, mobile food
markets expand access to larger areas, but can cover more area in a shorter amount of
time [37–39]. The Green Grocer mobile farmer’s market, piloted by the Greater Pittsburgh
Community Food Bank, is an example of a program that has the potential to reduce
geographically based disparities in food deserts. It is owned and operated by a food bank
and designed to be affordable and accept multiple forms of payment, including Electronic
Benefits Transfer cards that have Supplemental Nutrition Assistance Program (SNAP)
benefits [38,39]. Another successful program is the Just Harvest organizations, which
targets FI at the individual, community, and national level by partnering with community
organizations to develop grocery stores in food deserts. Additionally, schools and child
nutrition programs are profoundly important in providing food access to children. Some
of these programs include the School Breakfast Program, National School Lunch Program,
and Afterschool Nutrition Program, all of which have been shown to have a positive effect
on the health of food insecure children [40]. Social workers play an invaluable role in
connecting patients and their families to local and federal food programs, such as the ones
mentioned above. This is especially true for patients with chronic diseases, such as CF,
because they are seeing the specialist on a more frequent basis, creating more opportunities
for FI screening, resource distribution, and follow up. It is also important to acknowledge
that technology can play a vital role in decreasing barriers to food access, as online grocery
sales have become increasingly more widely available. Delivery services can be of great
benefit for patients and families, who do not have a vehicle and are reliant on public
transportation or ride sharing. However, this technology can be hindered by delivery
and service fees, making this service inaccessible to an individual already facing food
insecurity [41]. The Baltimore Ride Share Project is a program that was piloted in Baltimore
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in 2019, which provides transportation services to and from supermarkets at a discounted
rate via a ride share service for residents living in food deserts. This is a program that
can be replicated in other cities and decrease barriers to food access for individuals living
in food deserts [42]. The CF community and advocacy organizations should consider
partnering with similar organizations that are near CF care centers where a high proportion
of their patients are either food insecure and/or live in or near a food desert. Additionally,
government agencies can adopt the Healthy Food Priority Area (HFPA) designation, an
initiative developed by Baltimore in 2018 that prioritizes certain areas for action against
food insecurity. Each census tract is assigned a score for food availability, food access, and
food utilization, and those with higher scores are designated HFPAs. This initiative helps
identify high-risk communities and prioritize a city’s action against food insecurity [41].

This study has several limitations. First, it examines a small sample from a single
center in the Mid-Atlantic/Northeast US and, thus, may not be generalizable to other
regions. Additionally, it does not capture everyone who experiences FI, as there are people
with CF who live outside of food deserts who are food insecure. Future work may consider
utilizing similar methods to analyze the health impacts of food deserts on people with CF
nationally. Moreover, exploring the perspectives of people with CF and their families who
experience FI and/or reside in food deserts may help target future interventions to increase
access to healthy and affordable food.

5. Conclusions

Food deserts and their surrounding regions impact pediatric CF outcomes, particularly
BMI. CF teams should routinely screen for FI and proximity to food deserts, and develop-
ment of novel interventions are essential to increase access to healthy and affordable food.
The methods used in this study can serve as a model to assess the association between
food deserts and health outcomes more broadly in CF and in other chronic gastrointestinal
diseases. Furthermore, as prior research has shown that FI may be strongly predictive of
chronic illnesses, these results may have widespread applicability, as nutrition is one of the
mainstays of therapy for many chronic diseases [43].
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Abstract: Objective: Cystic fibrosis-related diabetes (CFRD) affects up to half of the people with
cystic fibrosis (CF) by adulthood. CFRD is primarily caused by pancreatic dysfunction that leads to
insufficient insulin release and/or insulin resistance. Exocrine pancreatic insufficiency in people with
CF is associated with fat-soluble vitamin malabsorption, including vitamins A, D, E, and K. This
study examined the relationship between vitamin D status, assessed by serum 25-hydroxyvitamin
D (25(OH)D), and the development of CF-related diabetes (CFRD) in adults with CF. Methods:
This was a retrospective cohort study of adults seen at a single CF center. The data were extracted
from the electronic medical records and the Emory Clinical Data Warehouse, a data repository of
health information from patients seen at Emory Healthcare. We collected age, race, the first recorded
serum 25-hydroxyvitamin D (25(OH)D) concentration, body mass index (BMI), and onset of diabetes
diagnosis. Log-rank (Mantel–Cox) tests were used to compare the relative risk of CFRD onset in the
subjects with stratified vitamin D status and weight status. A sub-group analysis using chi-square
tests assessed the independence between vitamin D deficiency and CFRD risk factors, including
gender and CF mutation types (homozygous or heterozygous for F508del, or others). Unpaired t-tests
were also used to compare the BMI values and serum 25(OH)D between the CF adults based on the
CFRD development. Results: This study included 253 subjects with a mean age of 27.1 years (±9.0),
a mean follow-up time period of 1917.1 (±1394.5) days, and a mean serum 25(OH)D concentration
of 31.8 ng/mL (±14.0). The majority (52.6%) of the subjects developed CFRD during the study
period. Vitamin D deficiency (defined as 25(OH)D < 20 ng/mL) was present in 25.3% of the subjects.
Close to two thirds (64.1%) of the subjects with vitamin D deficiency developed CFRD during the
study. Vitamin D deficiency increased the risk of developing CFRD (chi-square, p = 0.03) during the
course of the study. The time to the onset of CFRD stratified by vitamin D status was also significant
(25(OH)D < 20 ng/mL vs. 25(OH)D ≥ 20 ng/mL) (95% CI: 1.2, 2.7, p < 0.0078). Conclusion: Our
findings support the hypothesis that adults with CF and vitamin D deficiency are at a higher risk
of developing CFRD and are at risk for earlier CFRD onset. The maintenance of a serum 25(OH)D
concentration above 20 ng/mL may decrease the risk of progression to CFRD.

Keywords: cystic fibrosis; vitamin D; vitamin D deficiency; diabetes; epidemiology

1. Introduction

Cystic fibrosis (CF) is an autosomal recessive disorder caused by a mutation of the
cystic fibrosis transmembrane conductance regulator (CFTR) gene. The complications
of CF include chronic bacterial infection in the lungs, CF-related diabetes, pancreatic
insufficiency, and a decline in lung function [1,2]. Exocrine pancreatic insufficiency leads
to fat malabsorption and a deficiency in fat-soluble vitamins, including vitamin A, D,
E, and K [3]. Vitamin D deficiency can subsequently lead to CF bone disease and an
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increased risk of fractures [4,5]. Endocrine pancreatic insufficiency, along with other
contributing risk factors, such as body weight, diet, and physical activity, can lead to
CF-related diabetes (CFRD). Close to half of the adults with CF will develop CFRD, which
is characterized by insufficient insulin production, reduced pancreatic beta cell activity,
and insulin resistance [2].

It is well established that vitamin D plays important roles in maintaining bone health,
calcium homeostasis in blood, and preventing osteoporosis [6]. Vitamin D insufficiency
(25(OH)D < 30 ng/mL), which is commonly observed in people with CF, has been associ-
ated with decreased insulin sensitivity and secretion in both animal and human studies [7,8].
The best marker of vitamin D status is the total serum 25-hydroxyvitamin D (25(OH)D),
which accounts for both the endogenous production of vitamin D from the skin and dietary
intake of vitamin D-containing foods and supplements [9]. A serum 25(OH)D level of less
than 30 ng/mL is considered as insufficient, whereas a 25(OH)D of less than 20 ng/mL is
considered as vitamin D deficient [10,11]. A recent study suggested that vitamin D status is
associated with glucose intolerance and CFRD [12], but it did not address whether vitamin
D status influences the risk of CFRD development or time to CFRD onset. The mechanisms
by which vitamin D protects against the development of diabetes are uncertain. How-
ever, pre-clinical studies have indicated that vitamin D may regulate insulin secretion and
improve beta-cell function [13].

This current study focuses on the relationship between vitamin D deficiency and
CFRD, two common endocrine co-morbidities found in CF. Given the association between
vitamin D status and the risk of CFRD, this study aimed to examine the impact of vitamin D
status on the onset of CFRD in adults with CF. We hypothesized that low vitamin D status
is one of the risk factors for the development of CFRD in adults. The design of the study
was a retrospective longitudinal cohort study of adults with CF receiving care at a single
center. The data on the subject demographics, serum vitamin D (25(OH)D) measurements,
and diabetes status were extracted from the medical records to examine the influence of
vitamin D status on CFRD risk.

2. Materials and Methods

2.1. Study Design

This was a retrospective chart review examining the relationship between vitamin D
status, assessed by serum 25-hydroxyvitamin D (25(OH)D), and development of CFRD.
The research study was approved by the Emory Institutional Review Board (IRB). Subjects
were adults, age greater than 18, with CF treated by the Emory CF Center and receiving
care by the Emory Clinic and Emory Hospital from 2002–2012. Inclusion criteria included
a confirmed diagnosis of CF and at least one serum 25(OH)D measurement taken between
1 January 2002 and 31 December 2012. Exclusion criteria included a diagnosis of CFRD
at the time of first serum 25(OH)D measurement. Development of CFRD was defined as
a diagnosis of CFRD in the medical record, initiation with diabetes medication, fasting
glucose ≥ 126 mg/dL, 2hr oral glucose tolerance test (OGTT) glucose ≥ 200 mg/dL,
hemoglobin A1C (HgbA1c) ≥ 6.5%, or classical symptoms of diabetes in the presence
of a casual glucose ≥ 200 mg/dL. Data from the electronic medical record or the CF
Foundation Patient Registry (PortCF) were used to conduct the analysis. We collected data
on each subject’s serum 25(OH)D level, body mass index (BMI), date of diabetes diagnosis,
presence of pancreatic insufficiency as defined as prescription of pancreatic enzymes, and
the number of days since the start of study (1 January 2002) to diagnosis of CFRD, or, if not,
to the end of study on 31 December 2012.

2.2. Database and Categorization

Data were obtained from the Emory Clinical Data Warehouse, an electronic database of
all clinical laboratory data for the Emory Clinic, Emory University Hospital, and Emory CF
Center. Data on pancreatic insufficiency by use of pancreatic enzymes and CFTR mutation
were obtained from PortCF. The date of the onset of CFRD was determined by the first
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date recorded that the subject developed CFRD during the study period. Subjects who did
not develop CFRD by the end of the study period were deemed not to have developed
CFRD. The first serum 25(OH)D recorded in the electronic medical record during the
study period was used to define a subject’s vitamin D status. Vitamin D status deficiency
was defined as a 25(OH)D < 20 ng/mL, and insufficient vitamin D level was defined
as 25(OH)D < 30 ng/mL. Weight statuses were categorized based on subjects’ BMI. A
BMI of more than 25 kg/m2 was considered as overweight, and BMI cut-offs greater than
22 kg/m2 for female and 23 kg/m2 for male subjects were considered as the recommended
BMI level for adults with CF [14].

2.3. Statistical Analysis

Prism 9.0.1 was used to perform statistical analyses. The odds ratios between potential
factors contributing to CFRD and vitamin D status were analyzed with 95% confidence
interval. Freedom from CFRD was compared using log-rank (Mantel–Cox) tests, and
all study subjects were free from CFRD at the beginning of the analysis. Log-rank tests
compared the relative risk of CFRD onset in subjects with stratified vitamin D status
and weight status. Sub-group analysis using chi-square tests assessed the independence
between vitamin D deficiency and CFRD risk factors, including gender and CF mutation
types (homozygous for F508del, heterozygous for F508del, or others). Unpaired t-test was
also used to determine if BMI or first 25(OH)D measures differed between adults with CF
who developed CFRD and those that did not.

3. Results

3.1. Subject Demographics

A total of 267 adults without CFRD were potentially eligible for the study. One patient
was excluded due to an implausible BMI value of 43, and 13 subjects were excluded due to
missing BMI values. Eventually, 253 subjects met the inclusion criteria, and their baseline
demographics are presented in Table 1, stratified by vitamin D deficiency status. During
the course of the study, 52.6% of the subjects with CF developed CFRD. During the course
of the study, 53.1% of the subjects with insufficient vitamin D (25(OH)D levels < 30 ng/mL)
developed CFRD. Using a cut-off value of 25(OH)D < 20 ng/mL, 64.1% of vitamin D
deficient subjects (25(OH)D < 20 ng/mL) developed CFRD.

3.2. Time to Onset of Cystic Fibrosis-Related Diabetes

We examined the time to the onset of CFRD by vitamin D status (deficient or insuffi-
cient). The time to the onset of CFRD refers to the first instance that a subject had documen-
tation of a CFRD diagnosis as defined in our methods. The log-rank (Mantel–Cox) test was
used for the time of CFRD onset by insufficient vitamin D status (25(OH)D < 30 ng/mL)
and deficient vitamin D status (25(OH)D < 20 ng/mL). No significant difference was ob-
served in the time to the onset of CFRD in the subjects with CF compared to those with
and without insufficient vitamin D status (hazard ratio: 0.84, 95% CI: 0.60, 1.18, p = 0.31).
However, there was a statistically significant hazard ratio in the time to the onset of CFRD
in the subjects with CF compared to those with 25(OH)D < 20 ng/mL versus those with
25(OH)D ≥ 20 ng/mL (Figure 1, hazard ratio: 1.76, 95% CI: 1.2, 2.7, p = 0.0078). Based
on the survival curve in Figure 1, 50% of the subjects with a deficiency in vitamin D were
diagnosed with CFRD at day 931, while, only after 3070 days, 50% of the subjects without
deficient vitamin D were diagnosed with CFRD.
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Table 1. Baseline subject demographics stratified by vitamin D deficiency at 20 ng/mL.

All Subjects
Vitamin D Deficient

(25(OH)D
< 20 ng/mL)

Vitamin D Not
Deficient
(25(OH)D

≥ 20 ng/mL)

Subjects n (%) 253 64 (25.3) 189 (74.7)

Age at Entry, y 27.1 (±9.0) 26.9 (±8.3) 27.1 (±9.2)

Gender, male 132 (52.2) 39 (60.1) 93 (49.2)

Gender, female 121 (47.8) 25 (39.1) 96 (50.8)

Race, Caucasian or
White a 231 (91.3) 47 (73.4) 186 (97.4)

Race, African
American or Black a 18 (7.1) 16 (25) 2 (1.1)

Days without
Diabetes Mellitus b 1917.1 (±1394.5) 2161.2 (±1627.6) 2410.7 (±1667.6)

BMI, kg/m2 21.8 (±3.4) 21.8 (±3.8) 21.7 (±3.3)

BMI at goal c 165 (65.2) 45 (70.3) 120 (63.5)

BMI d, <25 kg/m2 211 (83.4) 53 (82.8) 158 (83.6)

Developed CFRD e 133 (52.6) 41 (64.1) 92 (48.7)

25(OH)D, ng/mL 31.8 (±14.0) 12.5 (±4.4) 36.9 (±15.5)

Entries are means (±standard deviation), n (%), or % (n). a Six missing values of race not reported. b Days, since
study start on 1 January 2002. End date was the day when the subject was diagnosed with diabetes, or, if the
subject never developed diabetes, 31 December 2012. c The BMI goal for adults with CF is greater than 22 kg/m2

for females and 23 kg/m2 for males. d BMI at or above 25 kg/m2 is considered overweight. e Developed diabetes
between 2002–2012.

≥

≥

Figure 1. Time in days to cystic fibrosis-related diabetes (CFRD) onset by vitamin D status (25(OH)D <
and ≥20 ng/mL). Hazard ratio of the vitamin D deficient subjects to not vitamin D deficient subjects
is 1.76 (95% CI: 1.2, 2.7, p = 0.0078). The medium for days of CFRD onset was 931 for subjects with
vitamin D deficiency and 3070 for those without.
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3.3. Influence of Other Risk Factors, Including Vitamin D Status, on the Development of CFRD

We evaluated other potential risk factors that may be associated with the development
of CFRD. The sub-group analyses using chi-square tests assessed the independence between
vitamin D deficiency and CFRD risk factors, including sex, CFTR mutation status (F508del
homozygous, F508del heterozygous, or no F508del mutation), and pancreatic enzyme
usage. Vitamin D deficiency (25(OH)D < 20 ng/mL) was significantly associated with
the development of CFRD (chi square, p = 0.03) (Table 2). Insufficient vitamin D status
(25(OH)D < 30 ng/mL) was not associated with the risk of CFRD (p = 0.87) (Table 2).
There were no significant associations between vitamin D deficiency and gender (p = 0.10),
CF mutation type (p = 0.88), or pancreatic enzyme usage (p = 0.42). The unpaired t-test
indicated that the first serum 25(OH)D measure at the start of the study (p = 0.83) and
average BMI (p = 0.08) were not significantly different between the subjects who did and
did not develop CFRD (Table 3).

Table 2. Sub-group analysis of vitamin D deficiency/insufficiency with selected demographic factors.

Compared Value X2. Df p-Value

Vitamin D Deficiency a CF Mutation Type b 0.27, 2 0.88

Vitamin D Deficiency Develop CFRD 4.54, 1 0.03 *

Vitamin D Deficiency Gender, Male or Female 2.63, 1 0.10

Vitamin D Deficiency Pancreatic Enzyme Usage c 0.66, 1 0.42

Develop CFRD d Gender, Male or Female 0.43, 1 0.51

Vitamin D Insufficiency e Develop CFRD 0.03, 1 0.87
Results from sub-group analysis based on chi-square test analysis. a. Subjects stratified by vitamin D deficiency at
25(OH)D < 20 ng/mL. b. CF mutation types categorized by F508del homozygous, F508del heterozygous, or no
F508del mutation c. Pancreatic enzyme usage, yes or no, recorded at the start of study d. Subjects stratified by
whether they were diagnosed with CFRD e. Subjects stratified by vitamin D insufficiency at 25(OH)D < 30 ng/mL.
An asterisk (*) indicates statistical significance at p < 0.05.

Table 3. Sub-group analysis of subjects developing CFRD during the course of the study.

Compared Value t-Score, df p-Value

Develop CFRD a First 25(OH)D, ng/mL b 0.22, 251 0.83

Develop CFRD BMI, kg/m2 1.74, 251 0.08
Results from sub-group analysis based on unpaired t-test. a Subjects stratified by whether they were diagnosed
with CFRD b. First serum vitamin D measure obtained from subjects at the start of the study.

4. Discussion

This retrospective study aimed to investigate the relationship between vitamin D
status, assessed by serum 25(OH)D, and the development of CF-related diabetes (CFRD)
in a cohort of subjects without CFRD followed over a 10-year period. As expected, we
found that more than half of the subjects (52.6%) developed CFRD over the course of the
study, which is consistent with previous reports indicating the prevalence of CFRD in the
CF population [2]. The results of our statistical analysis demonstrate that subjects with CF
had a higher risk of CFRD development, with earlier onset in those with a deficient serum
25(OH)D level at less than 20 ng/mL compared to those with a serum 25(OH)D greater
than 20 ng/mL. Our sub-group analysis also indicated that, aside from the susceptibility
to CFRD onset, the subjects with and without vitamin D deficiency were not significantly
different in other CFRD-related markers, which included gender, BMI, first vitamin D
measure, CF mutation types, and pancreatic enzyme usage.

Our findings support the findings that 25(OH)D > 20 ng/mL may be protective against
the development of CFRD. Pincikova et al. found that a serum 25(OH)D less than 20 ng/mL
was associated with higher hemoglobin A1c (HbA1c) in a cross-sectional cohort composed
of about 900 children and adults with CF living in Scandinavia, suggesting a relationship
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between vitamin D status and glucose concentrations [12]. The investigators found the
association between vitamin D status and HbA1c in children, but such an association was
not as strong in adults with CF [12]. In contrast, a similar study performed by Coriati
et al. found no relationship between the serum 25(OH)D and measures of glucose status
performed by an oral glucose tolerance test in 270 adults with CF in Canada [15].

Studies examining vitamin D status and the risk of diabetes are also mixed in popu-
lations without CF. A systematic review by Mitri et al. found that, in eight observational
studies, a greater than 500 IU of vitamin D intake per day was associated with a 13%
decreased risk of type II diabetes compared to a vitamin D intake of less than 200 IU per
day [16]. However, there were no associations found in the development of type II diabetes
in the post hoc analyses of randomized controlled trials [16]. A meta-analysis of vitamin
D and the risk of type I diabetes found, in four case control studies, that vitamin D sup-
plementation in early childhood reduced the risk of type I diabetes compared to children
not supplemented with vitamin D [17]. A recent large multi-center randomized controlled
trial found that vitamin D supplementation did not protect against the progression from
prediabetes to type II diabetes in adults [18]. Therefore, the current literature is mixed
in regard to the potential effect of vitamin D on the development of diabetes, with some
potential protection of vitamin D in children with type I diabetes but no benefits seen in
adults with type II diabetes and prediabetes.

Vitamin D is thought to be protective against the development of type I diabetes by
modulating the immune system by dampening the autoimmune response, decreasing self-
destructive islet cell auto-antibodies produced by beta-cells, and, thus, preserving the beta-
cell mass of the pancreas. In murine models of type I diabetes mellitus, supplementation
with the active form of vitamin D, calcitriol, prevented the onset of diabetes, which further
supported the role of vitamin D in the prevention of type I diabetes [19,20]. For type II
diabetes, vitamin D was thought to enhance insulin sensitivity; however, a recent meta-
analysis of 18 randomized controlled trials found no benefit of vitamin D supplementation
on the markers of insulin sensitivity [21]. Finally, a recent meta-analysis of vitamin D on the
markers of inflammation and oxidative stress in people with diabetes found that vitamin D
reduced C-reactive protein and malondialdehyde levels, both markers of inflammation.
The supplementation of vitamin D also increased the nitric oxide release, serum antioxidant
capacity, and total glutathione concentrations, favorable changes in oxidative stress [22].
Since CFRD shares some features of type I and II DM, vitamin D may have many roles in
the prevention of diabetes by reducing inflammation, oxidative stress, and, potentially, by
preserving beta-cell mass.

Optimal vitamin D status has been associated with the decreased risk of diabetes and
prediabetes in populations without CF [23]. In addition, better vitamin D status among
patients with diabetes and prediabetes is associated with a reduced risk for all-cause
mortality [24,25]. However, in a randomized controlled trial of subjects with prediabetes
and without CF, intervention with 4000 IU of vitamin D for 2.5 years did not reduce the
progression to diabetes compared to a placebo [18]. Despite the protective mechanisms
of vitamin D, as outlined above, and the strong association between vitamin D status and
the risk of diabetes, clinical trials have been negative in establishing a role of vitamin D
supplementation for prevention of progression to diabetes. Thus, vitamin D intervention
may need to be provided much earlier in life before beta cell dysfunction and/or vitamin
D deficiency represents poor general health that is not modifiable by supplementation with
vitamin D.

Our study found that a serum 25(OH)D > 20 ng/mL was protective against the risk
of CFRD. However, larger studies in the general population using the NHANES data
have suggested that a cut-off of 30 ng/mL was protective against diabetes and metabolic
syndrome [26]. The CF Foundation recommends a 25(OH)D level of greater than 30 ng/mL
to protect against CF bone disease [27]. The 25(OH)D cut-off of 30 ng/mL to establish
vitamin D sufficiency is based on recommendations in people without CF, including a study
showing no osteomalacia found on bone biopsy in adults with 25(OH)D concentrations
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greater than 30 ng/mL [28]. Some investigators have proposed even higher concentrations
of 25(OH)D to prevent elevations in PTH concentrations to prevent bone loss [29]. While
there is a general consensus that a 25(OH)D concentration of above 30 ng/mL is optimal for
bone health in CF, it is not known if different thresholds are protective against conditions
such as CFRD, pulmonary exacerbations, or infections. Furthermore, different organ
systems may need different thresholds for optimal health. Finally, the duration that
25(OH)D concentrations need to be sufficient is not known either. Studies indicate that
the short-term correction of vitamin D status in CF, such as at the time of pulmonary
exacerbation, does not change the course of the disease [30]. Until data are available to
determine the optimal 25(OH)D concentration for all the health conditions in CF, clinicians
should still address vitamin D status by supplementation or encouraging outdoor sunlight
exposure in people with CF [9,31].

This is the first study that analyzed the long-term impact of vitamin D status on
the onset of diabetes specifically in adults with CF. Limitations to our study include the
limited reports on the use of any pancreatic enzymes, the interaction of vitamin D and
CFTR modulator therapy, and the types of CFTR mutations in the entire subject population.
Another limitation is the lack of data on other potential risk factors for the development
of CFRD. Since this was a retrospective study, we lacked information on diet, physical
activity, medications, and other health conditions. Only 68 of the 253 subjects had records
of CFTR mutation and whether they were prescribed with pancreatic enzymes during their
treatment regimes. Although CF mutation types and pancreatic enzyme usage were used as
indicators for pancreatic insufficiency, we were unable to draw substantial conclusion due
to the sample size of less than 20 when stratified based on vitamin D status. Understanding
the CFTR mutation type and the usage of pancreatic enzyme is important to adjust for equal
sampling distribution because both factors can potentially affect vitamin D deficiency and
diabetes onset. Having an F508 del homozygous mutation is associated with more severe
CF complications and a higher risk of pancreatic defects [1]. Therefore, adults with an
F508del homozygous mutation might have a higher risk of diabetes development despite
the vitamin D status.

Our findings support the hypothesis that adults with CF and vitamin D deficiency
are at a higher risk of developing CFRD and are at risk for earlier CFRD onset. We
found that a serum 25(OH)D concentration above 20 ng/mL may decrease the risk of
the progression to CFRD. However, what is not clear and cannot be answered in this
retrospective study is whether providing vitamin D supplements will actually decrease
the progression to CFRD. Future randomized prospective studies should evaluate whether
vitamin D supplementation with vitamin D in adults and/or children can decrease the
progression to CFRD.
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Abstract: Poor linear growth is common in children with cystic fibrosis (CF) and predicts pulmonary
status and mortality. Growth impairment develops in infancy, prior to pulmonary decline and despite
aggressive nutritional measures. We hypothesized that growth restriction during early childhood in
CF is associated with reduced adult height. We used the Cystic Fibrosis Foundation (CFF) patient
registry to identify CF adults between 2011 and 2015 (ages 18–19 y, n = 3655) and had height for age
(HFA) records between ages 2 and 4 y. We found that only 26% CF adults were ≥median HFA and
25% were <10th percentile. Between 2 and 4 years, those with height < 10th percentile had increased
odds of being <10th percentile in adulthood compared to children ≥ 10th percentile (OR = 7.7). Of
HFA measured between the 10th and 25th percentiles at ages 2–4, 58% were <25th percentile as
adults. Only 13% between the 10th and 25th percentile HFA at age 2–4 years were >50th percentile as
adults. Maximum height between ages 2 and 4 highly correlated with adult height. These results
demonstrate that low early childhood CF height correlates with height in adulthood. Since linear
growth correlates with lung growth, identifying both risk factors and interventions for growth failure
(nutritional support, confounders of clinical care, and potential endocrine involvement) could lead to
improved overall health.
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1. Introduction

Cystic fibrosis (CF) is an autosomal recessive disease caused by mutations in the cystic
fibrosis transmembrane conductance regulator (CFTR) gene. CFTR encodes a chloride
channel expressed in a variety of epithelial tissues, and mutations in this gene impair
protein activity and/or expression [1]. CFTR protein dysfunction affects multiple organ
systems and unequivocally contributes to growth deficits and progressive lung disease from
birth and throughout infancy and childhood [2]. The association between nutrition and
pulmonary outcomes in CF is well established, particularly when using weight-for-length
(WFL) and body mass index (BMI) as key nutritional indices [3,4].

The CF Foundation recommends that children ages 0 to 2 years maintain their WFL
at or above the 50th percentile, and that children ages 2 to 19 years maintain their BMI at
or above the 50th percentile [4]. The advent of universal newborn screening for CF has
allowed for earlier diagnosis and earlier interventions to improve nutritional status. For
example, the Wisconsin CF Neonatal Screening Project was a randomized controlled trial
initiated in 1984 that examined longitudinal nutritional outcomes in patients diagnosed
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with CF via newborn screening compared to control patients diagnosed with CF later
in infancy. Weight-for-age (WFA) and height-for-age (HFA) Z-scores were significantly
better throughout childhood and adolescence in patients diagnosed by newborn screening
compared to controls. Although growth metrics in control CF participants improved
following diagnosis, they never reached levels comparable to those diagnosed by newborn
screening. This discrepancy was particularly notable in HFA Z-scores, indicating that
early-life growth stunting associated with delayed CF diagnosis may have lasting effects
on stature [5].

Strong correlations between WFA percentiles in early life and subsequent pulmonary
status have been reported in cross-sectional studies [6,7]. Recently, a longitudinal study by
Sanders et al. examining early life growth trajectories showed that infants and children
with CF who maintained their WFL and BMI consistently above the 50th percentile had the
best percent-predicted forced expiratory volume in 1 s (ppFEV1) at ages 6–7. Furthermore,
infants who entered the study with a WFL < 50th percentile, but who eventually achieved a
WFL ≥ 50th percentile before age 2, had higher ppFEV1 at age 6 years compared to children
who did not achieve BMI ≥ 50th percentile until after age 2 [3]. Similar to WFL and BMI,
linear growth is increasingly recognized as an important prognosticator of respiratory
morbidity and mortality in CF. A longitudinal study by Assael et al. reported that people
with CF who developed severe respiratory compromise had reduced early-life growth
velocity, even before any appreciable decline in lung function. Thus, impaired linear
growth is an early indicator of pulmonary disease severity that manifests before spirometry
can be reliably performed [8]. The importance of early-life growth trajectories was also
demonstrated in another study by Sanders et al., who reported that children who maintain
HFA above the 50th percentile between diagnosis of CF and age 6–7 years have the highest
pulmonary function at age 6–7 years, irrespective of their BMI percentile [9]. Furthermore,
stunting, defined as a height below the 5th percentile, is an independent predictor of
mortality [10].

These data suggest that improving nutrition early in life may also improve CF lung
disease outcomes, and perhaps overall survival, underscoring the importance of stature in
the prognosis and perhaps pathogenesis of CF lung disease. Based on data from the US
CF Foundation Patient Registry (CFFPR), meticulous attention to nutritional interventions
in both early life and throughout childhood and adolescence is successful in achieving
the goals of WFL and BMI targets of above the 50th percentile. Over the past 15 years,
the median BMI percentile in individuals 2–19 years has improved from 45.1% to 58.3%.
Further, the number of children with WFA <10th percentile has improved from 20.9%
to 10.1%. Additionally, use of supplemental feeding tubes has increased from 8.8% to
10.3%. However, HFA less than the fifth percentile has only improved from 14.6% to 9.5%.
Presently, the median BMI for adults with CF over the age of 20 is 23.0. For CF individuals
between 2 and 19 years, the median weight percentile is 49.3%, but the height percentile
is only 38.4%. In children less than 24 months old, the median WFL percentile is 63.7%,
the weight percentile is 42.8%, and—consistent with the above—the length percentile is
30.2% [11]. Thus, risk factors for short stature itself remain to be defined. We hypothesized
that impaired early linear growth would correlate with stunting as an adult among people
with CF.

To test this hypothesis, we used CFFPR data to determine whether linear growth
impairment in early life in CF is associated with a reduced final adult height. Given the
importance of short stature as a prognosticator of morbidity and mortality in CF, the early
identification of children at risk for stunting and appropriate interventions (nutritional
support, potentially mediating confounders from clinical care, and endocrine involvement)
could improve overall health outcomes in patients with CF.

2. Materials and Methods

The United States CFFPR was used for this retrospective case–control study. People
with CF who were age 18–19 years between 2011 and 2015 with any height measurements
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were selected. Then, the height measurements for those young adults were retrospectively
ascertained from the CFFPR from when they were between 2 and 4 years of age. CFFPR
provides one annualized height measurement per person per year calculated by averaging
the maximum value per quarter. Heights were standardized to US Centers for Disease
Control (CDC) height for age percentiles (HFA%) [12]. For a given individual, the lowest
height percentile of the two recorded at 18 and 19 years of age in the CFFPR defined their
categorization into groups: <10th, 10th–25th, 25th–50th, or ≥50th HFA%. Similarly, the
lowest annualized HFA%, up to three recorded for each person between 2 and 4 years of
age, defined their inclusion into early childhood HFA groups. As a sensitivity analysis,
children who’s annualized HFA% < 10 in all three years between 2 and 4 years of age were
examined. Summary statistics, odds ratios (OR), and Pearson correlation coefficients with
95% confidence intervals (CI) are reported. The Seattle Children’s Hospital (Seattle, WA,
USA) Institutional Review Board granted approval for this research. SAS version 9.2 (Cary,
NC, USA) or R version 3.3.3 (R Foundation for Statistical Computing, Vienna, Austria)
were used for all analyses.

3. Results

Early Childhood Height for Age Is Associated with Adult Height

Among the 3655 individuals with CF aged 18–19 between 2011 and 2015 in the CFFPR,
only 26% (n = 939) were at or above the median height for their age (50th HFA%) and 25%
(n = 915) had an HFA% < 10 in adulthood (Table 1). Between the ages of 2 and 4 years, 28%
(1034/3566) of those same children had at least one annualized HFA% < 10, and 54% of
those short children went on to be <10 HFA% in early adulthood (increased odds of 7.7
(95% CI = 6.5–9.1) compared to children with CF between 2 and 4 years with HFA% ≥ 10).
Among the children with HFA% < 10 in all three years between 2 and 4 years, 67% were
short as adults (<10 HFA%) and had much higher odds of being so compared to children
between 2 and 4 years of age who were not always <10 HFA% in early childhood (OR = 9.0
(95% CI = 7.3–11.0)). Only 13% of children with HFA% between 10 and 25 at between 2
and 4 years achieved or exceeded 50 HFA% as adults. The maximum height measurements
between 2 and 4 years were highly correlated with maximum height at age 18–19 (r = 0.64,
95% CI = (0.62, 0.66)) (Figure 1).

Table 1. Height percentile grouping at 2–4 years of age in CFFPR versus height percentile grouping
at age 18–19 years of age. The individuals lowest annual HFA% in the 2- or 3-year windows, adult
and childhood, respectively, defined their inclusion into categories.

Age 2–4 Height
Percentile

Age 18–19 Height Percentile
n

% of Row

Total
n

% of Column
<10th 10th–25th 25th–50th ≥50th

<10th 563
54.4%

283
27.4%

150
14.5%

38
3.7%

1034
28.3%

10th–25th 231
23.8%

327
33.7%

285
29.4%

126
13%

969
26.5%

25th–50th 97
10.8%

207
22.9%

323
35.8%

275
30.5%

902
24.7%

≥50th 24
3.2%

63
8.4%

163
21.7%

500
66.7%

750
20.5%

Total 915
25%

880
24.1%

921
25.2%

939
25.7%

3655
100%

25
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Figure 1. Maximum annualized HFA% in CFFPR between ages of 18 and 19 versus maximum
annualized HFA% between ages 2 and 4 years (n = 3566).

4. Discussion

We found that early-life growth impairments of preschool children with CF correlated
with stunting in early adulthood. Growth impairment in people with CF remains common
and challenging to identify and address, although improvements in nutritional metrics
have been observed in all ages in CF over the past several decades. According to the CF
Foundation’s 2019 Patient Registry Annual Data Report, the median WFL among children
with CF in the US ages 0 to 2 years was above the recommended 50th percentile, and the
median BMI for children ages 2 to 19 years was above the recommended 50th percentile.
However, relying solely on WFL and BMI as markers of nutritional status fails to identify
children with suboptimal nutrition based on WFA and HFA percentiles, as children with
stunting may maintain relatively normal WFL and BMI due to proportionally poor linear
and weight growth. For example, despite the improvements in median WFL and BMI,
both LFA and HFA percentiles in children with CF remain well below those of the general
population [11]. A 2017 study by Konstan et al. examining growth parameters of 11,669
children with CF ages 2 to 18 years reported that 20.5% of participants whose BMI were
at or above the recommended 50th percentile had HFA below the 10th percentile [13].
Growth trajectories of patients with CF diagnosed by newborn screening suggest that the
stunting frequently observed in CF begins in early infancy and persists despite weight
normalization. The Baby Observational and Nutrition Study (BONUS) examined the
growth patterns of 231 infants diagnosed with CF via newborn screening compared to
healthy cohorts. BONUS infants achieved normal weight by 12 months of age; however,
their length lagged behind those of healthy peers [14]. As an aside, the consideration of
BMI as the sole growth measurement would not reflect such stunting, and we therefore
considered height and weight separately in this study.

In addition to early stunting, a “second hit” to the growth of children with CF may
occur in puberty. Historically, studies have suggested that children with CF also have
reduced height velocities (HV) throughout childhood that are particularly compromised
during puberty. These studies used Tanner–Davies growth curves developed in the USA in
1985 to compare HV in children with CF to children without CF [15,16]. The Tanner–Davies
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curves were generated using longitudinal growth data from a restricted population of
European descent with superimposed cross-sectional data from the US National Center
for Health Statistics to establish ages of peak HV for children who matured early, average,
and late [17]. More recently, reference data based on longitudinal growth metrics in a
more diverse population of healthy youths in the USA allowed for the calculation of
HV percentiles and Z-scores, which facilitates comparison between children with CF and
healthy peers [18]. Using these contemporary data, Zysman-Colman et al. demonstrated
that the HV percentiles of children with CF ages 5–17 years fall within the 25th to 75th
percentiles of healthy children. Furthermore, shorter children with CF tended to have lower
HV Z-scores than taller children with CF. This difference was most notable in pre-pubertal
children, which suggests that final height is determined early in life in CF. The study
cohort had below average lengths from birth that persisted into adulthood despite normal
childhood and pubertal growth velocities and adequate nutrition [19].

The mechanism underlying growth restriction in CF remains unclear. Impaired
CFTR activity has detrimental effects on multiple organ systems that could contribute to
poor growth. Malnutrition can undoubtedly lead to poor growth; however, as BONUS
demonstrated, stunting in CF begins in early infancy despite nutritional interventions
that generally normalized weight achievement [14]. Infants included in the BONUS study
with pancreatic insufficiency initiated pancreatic enzyme replacement therapy at a mean
age of 2 months, with doses consistent with the CF Foundation guidelines. In the infants
that were exclusively formula-fed, 40.2% received high calorie formula—greater than or
equal to 24 kcal/oz—at 3 months, 52.4% at 6 months, and 49.0% at 12 months. Infants that
were exclusively breastfed could not be assessed for total caloric intake; however, they
weighed more than formula-fed or a combination of the two, at 3 months. This finding
did not persist at 6 or 12 months of age. Interestingly, the feeding type (whether breast,
formula-fed, or a combination of the two) was not associated with infant length during the
BONUS study. The summation findings of BONUS demonstrated normalization of weight
in CF infants by 12 months; however, despite these nutritional improvements, length did
not normalize. Consistent with the studies previously mentioned, only 13.6% were less
than the 10th percentile WFA, but 23.9% were less than the 10th percentile LFA.

Historically, providers (both pulmonary and endocrine) have attributed poor nutri-
tional absorption and chronic disease as the primary influence on linear growth in CF.
Similarly, lung disease could diminish nutritional outcomes. However, CF animal models
have demonstrated growth restriction in the absence of these confounding variables. CF
mice do not develop lung disease—and lung disease only manifests after 6 months of
age in CF rats—although both exhibit impaired growth [20–22]. Data from these animal
models combined with clinical data offer clues regarding other potential contributors to
poor growth in CF. For example, both animals and people with CF have reduced anabolic
drive secondary to lower tissue concentrations of insulin-like growth factor-1 (IGF-1) and
insulin deficiency associated with CF-related diabetes [23–26].

One of the most remarkable findings suggestive of a primary defect in the growth axis
unrelated to nutritional intake is the decreased IGF-1 concentrations seen in many animal
models of CF, including newborn CF piglets (compared to non-CF littermates) [23]. CFTR-
deficient mice and rats have reduced total body length and femur length as well as reduced
serum IGF-1 concentrations. These findings suggest that CFTR dysfunction intrinsically
affects the endocrine growth axis. Furthermore, growth-restricted CF rats exhibit growth
plate alterations compared to controls, demonstrated by reduced hypertrophic chondrocyte
volume as well as an overall reduction in growth plate thickness [22]. Similarly low IGF-1
was found in newborn blood spots of CF infants, which also suggests intrinsic defects in
the growth axis and argues against intestinal malabsorption as the primary etiology of
poor growth [23]. Further addressing the implication that nutritional intake is or is not the
causative agent for decreased IGF-1 concentrations, a study by Hardin et al. investigated
enteral nutritional supplementation versus enteral nutritional supplementation combined
with treatment with human growth hormone (hGH). The authors evaluated outcomes in
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both growth and contribution to serum IGF-1 levels. Despite one year of enteral nutrition
supplementation, subjects not on hGH therapy exhibited no change in serum IGF-1 concen-
trations. However, after the addition of hGH to the enteral feeding group—at year 2—there
was an improvement [27].

Additional evidence of dysfunctional CFTR protein’s intrinsic effect on growth, as
well as a potential source for improvement, is demonstrated by improved growth with
CFTR modulator therapy, which increases the activity of the defective chloride channel
in vivo. Stalvey et al. demonstrated this in a post hoc analysis of linear growth observed
longitudinally in pre-pubertal children with CF and at least one copy of the G551D CFTR
mutation who were enrolled in the G551D Observational Study (GOAL) of children ini-
tiating the CFTR modulator ivacaftor. At baseline, participants were below average in
HFA. Six months following the initiation of ivacaftor, both HFA and HV significantly in-
creased. In the placebo-controlled, randomized Evaluation of Efficacy and Safety of VX-770
in Children Six to Eleven Years Old with CF (ENVISION) study, there was continued
improvement in HFA beyond 6 months in children treated with ivacaftor compared to
controls [28]. Newer, highly effective modulators are now available for people with the
more common F508del CFTR mutation, and ongoing studies are collecting growth data on
pubertal and pre-pubertal children with CF following the initiation of treatment. As part
of the outcomes studied in children and adults, these studies are evaluating changes in
body composition. Other studies are underway to assess essential growth changes in early
infancy and childhood (when growth rates tend to be relatively fast), as well as growth
factors (such as IGF-1), and to monitor the influence of CFTR therapies as they are initiated.
Investigators hope to provide insights into the biological–pathologic process of growth
restriction, which begins in infancy and carries through to adulthood.

There are certain limitations in utilizing the CFFPR for our retrospective case–control
analysis. The first would be how our population compares to healthy children growing at
the 10th or below percentile at age 2–4 years. The authors do not argue that children—with
or without CF—growing along that percentile may be growing as intended for their genetic
potential. We are in fact attempting to illustrate and discredit the common misconception by
providers, that poor growth in CF children early in life has time to “catch up” by adulthood.
In our comparisons, we did not have heights from the parents to calculate mid-parental
height targets for the subjects, but given the data utilized is obtained from the national
registry, one would anticipate a near mean average adult height of the parents. Additionally,
the recent report by Zysman-Colman et al. demonstrates that when parental heights are
known, there is a reduction in obtainment of mid-parental linear growth targets in children
with CF [19]. Our analysis would further suggest that CF children with evidence of poor
growth early in life warrant closer attention. It has also been observed that the age of the
onset of puberty was historically often delayed in children with CF, raising the possibility
that some in our study population were still growing at the end of the study period [29–31].
While we did not analyze the effects of some potential confounders, including gender/sex,
CFTR genotype, or differences in therapy (including CFTR modulator use, which was
likely rare in this study population), future studies could address the effects of these
covariates. Similarly, registry data could be used to construct predictive models based on
early childhood growth characteristics of later growth outcomes, an analysis we did not
perform here.

In summary, our study demonstrates that height during preschool ages correlates
with subsequent adult height achievement in people with CF. Recognition of impairment
in early life may be essential to improving outcomes. A team-based multi-disciplinary
approach to these high-risk children by their pulmonologists, registered dietitians, social
services, and consultative services (endocrine and gastroenterology) will achieve the best
outcomes. Additionally, the incorporation of highly effective CFTR modulator therapies
in early life may be one such way to alter both long-term outcomes and the relationship
between early-life and adult height achievement.
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Linear growth correlates closely with lung growth in people with CF; therefore,
identifying both risk factors and effective preventative treatments for linear growth failure
could lead to improved overall CF patient health. If new CFTR modulator therapies
are beneficial to overall growth (weight and height), nutritional guidelines may need
modification to address overall health outcomes. Encouraging calorie intake and high-fat
diets may not continue to be advantageous, given the balance with obesity, fat mass versus
lean body mass, and the potential for the development of CFRD.
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Abstract: Measures of body fat and lean mass may better predict important clinical outcomes in
patients with cystic fibrosis (CF) than body mass index (BMI). Little is known about how diet quality
and exercise may impact body composition in these patients. Dual X-ray absorptiometry (DXA) body
composition, 24-h dietary recall, and physical activity were assessed in a cross-sectional analysis
of 38 adolescents and adults with CF and 19 age-, race-, and gender-matched healthy volunteers.
Compared with the healthy volunteers, participants with CF had a lower appendicular lean mass
index (ALMI), despite no observed difference in BMI, and their diets consisted of higher glycemic
index foods with a greater proportion of calories from fat and a lower proportion of calories from
protein. In participants with CF, pulmonary function positively correlated with measures of lean mass,
particularly ALMI, and negatively correlated with multiple measures of body fat after controlling
for age, gender, and BMI. Higher physical activity levels were associated with greater ALMI and
lower body fat. In conclusion, body composition measures, particularly ALMI, may better predict key
clinical outcomes in individuals with CF than BMI. Future longitudinal studies analyzing the effect
of dietary intake and exercise on body composition and CF-specific clinical outcomes are needed.

Keywords: body composition; cystic fibrosis; dual-energy X-ray absorptiometry; lean body mass;
appendicular lean mass index; fat mass index; dietary intake

1. Introduction

Nutritional optimization has long been a focus of care in patients with cystic fibrosis
(CF), with body mass index (BMI) being utilized as the primary marker of health and
survival [1–3]. Undernutrition in CF has been associated with worsening pulmonary
status, decreased exercise tolerance, immunologic impairment, impaired growth, decreased
quality of life, and a shorter life expectancy [4–6]. Conversely, optimized nutritional status
is associated with improved lung function, clinical outcomes and survival [7,8]. As a result
of this, nutritional guidelines recommend maintaining a body mass index (BMI) at or above
the 50th percentile of age for children and adolescents, and a level of at least 22 kg/m2 in
adult females and 23 kg/m2 in adult males aged 18 and over. In the past, this concern for
malnutrition has often led to physicians recommending high-calorie diets without concern
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for diet quality [9]. This has led to a tendency for individuals with CF to overconsume
energy-dense, nutrient-poor foods, particularly foods high in added sugars and refined
carbohydrates that have a high glycemic index [9–12].

Life expectancy and clinical outcomes for patients with CF have significantly im-
proved with widespread use of highly effective cystic fibrosis transmembrane conductance
regulator (CFTR) modulators, including the risk for undernutrition [6]. However, ad-
vancements in CF care have also led to significantly increased rates of overweight and
obesity [13–17]. Additionally, the prevalence of non-pulmonary complications such as CF-
related diabetes (CFRD) continues to increase, particularly as the CF population ages [18,19].
At present, there are few published studies investigating the impact of these high-calorie,
lower-quality diets on body composition and the development of CF-related metabolic
comorbidities [9,20].

While BMI has classically been the primary measure of nutritional outcomes in patients
with CF, there is interest in evaluating other potentially more meaningful predictors of
health status [9,20]. There is growing evidence that BMI may not accurately reflect body
composition, particularly the distinction between fat mass and fat-free mass [21–23]. As a
result, the use of BMI as the primary marker of nutritional status in CF may have significant
drawbacks in routine clinical care.

Dual-energy X-ray absorptiometry (DXA) body composition analysis has become
increasingly utilized in individuals with CF, particularly given its ability to provide more
detailed information regarding the distribution of fat mass, lean mass, and bone density [20].
Several groups have described an increased prevalence of normal weight obesity (NWO)
and decreased fat-free mass distribution (FFMD) in individuals with CF, as well as a link
between this type of body habitus and poorer lung function [20,24,25]. There may exist
specific DXA body composition variables that better predict long-term CF-specific clinical
outcomes than BMI [26]. If identified, these variables could predict the risk of pulmonary
decline and metabolic abnormalities in patients with CF, and help guide individualized
advice regarding dietary composition and physical activity.

We performed a cross-sectional analysis comparing the dietary intake, physical activity,
and DXA body composition measures in adolescents and adults with CF and age-, race- and
gender-matched healthy volunteers. We also investigated how body composition correlated
with pulmonary status and dietary intake in participants with CF. We hypothesized that
adults with CF would have higher carbohydrate intake, greater fat mass, and lower lean
mass than healthy volunteers, and that measures of lean mass would correlate more
strongly with percent predicted forced expiratory volume in 1 second (FEV1) than BMI.

2. Materials and Methods

2.1. Participants and Eligibility Criteria

Cross-sectional data were analyzed from the baseline visit of a prospective observa-
tional study investigating the effect of ivacaftor on bone density and microarchitecture
in individuals with CF [27]. Participants with CF were recruited from the Massachusetts
General Hospital and Boston Children’s Hospital Cystic Fibrosis Center. Exclusion criteria
for participants with CF included history of solid organ transplantation, current pregnancy,
and Burkholderia dolosa infection (due to institutional infection control issues). Matched
healthy volunteers were recruited from the community. Exclusion criteria for healthy vol-
unteers included current pregnancy, a history of medications or disorders known to affect
bone metabolism, cumulative use of oral glucocorticoids for greater than two months, or
BMI < 18.5 or >30 kg/m2 (or <5th percentile or >95th percentile for pediatric participants)
at the time of screening.

The parent study included children and adults with CF and at least one copy of the
G551D mutation, who were matched by age (±2 years and by Tanner stage in pediatric
participants), race, and gender to a cohort of participants with CF and other CFTR muta-
tions, and to a cohort of healthy volunteers. For the present analysis, only post-pubertal
(Tanner stage V) participants aged 15 years and above were included, due to the rapid and
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variable changes in diet and body composition occurring during growth. The protocol
was approved by the Mass General Brigham Institutional Review Board (IRB) with ceded
review by the Boston Children’s Hospital IRB and was registered on clinicaltrials.gov
(NCT01549314). Written informed consent was obtained from all participants.

2.2. Clinical Assessments

All participants were queried regarding medical history, medication use including oral
and inhaled glucocorticoids, alcohol and tobacco use, and pubertal and reproductive history.
Tanner staging in pediatric participants was performed by a board-certified pediatric
endocrinologist. Additional data obtained from participants with CF included the number
of CF exacerbations in the past year, defined as treatment with intravenous antibiotics
and/or hospitalization. CFTR genotype and percent predicted forced expiratory volume in
1 s (FEV1) in the most recent pulmonary function testing were obtained in participants with
CF by chart review. In all participants, height was measured on a wall-mounted stadiometer
and weight on an electronic scale. Race and ethnicity were self-reported. Serum glucose
and insulin levels were obtained after fasting at least 8 h overnight; these data were used to
calculate a homeostatic model assessment for insulin resistance (HOMA-IR), with a level
>2 considered consistent with insulin resistance [28].

2.3. Dietary Intake and Physical Activity Assessments

A registered dietician assessed nutritional intake with a 24-h dietary recall. Dietary
composition of fat (g), protein (g), and carbohydrates (g), percentage of calories from each
macronutrient, total energy (kcal), added sugar (g), glycemic index (GI) and glycemic load
as defined by the International Carbohydrate Quality Consortium (ICQC) [29], were quan-
tified using the validated Nutrient Data System for Research (NDSR) [30]. Physical activity
was also assessed by a registered dietician using the Modifiable Activity Questionnaire, a
self-reported tool that assesses each individual’s degree of physical activity over the last 1
year, based on 40 leisure and occupational activity items, ranging in intensity [31].

2.4. Assessment of Body Composition

Whole and regional body composition analyses were obtained from whole body
DXA scans (Discovery A, Hologic Inc., Bedford, MA, USA). To account for variants in
stature, height-normalized indexes were determined for fat-mass and lean mass (mass
in kg/height in m2). DXA quality control included daily measurement of a Hologic
DXA anthropomorphic spine phantom and visual review of all images by an experienced
investigator.

Participants were classified as normal weight (BMI 18–24.9 kg/m2), overweight (BMI
25–29.9 kg/m2), or obese (BMI ≥ 30 kg/m2). Normal weight obesity (NWO) was defined
as those with a normal BMI < 25 kg/m2 but with a body fat percentage of >30% in women
and >23% in men [20,32].

2.5. Statistical Analyses

Statistical analyses were performed using STATA (version 16, StataCorp LLC, College
Station, TX, USA). Normality was assessed for all variables using the Shapiro–Wilk test.
Clinical characteristics, dietary intake, and body composition measures were compared
between participants with CF and healthy volunteers using independent t-tests or Wilcoxon
rank sum tests for normally and non-normally distributed data, respectively. Categorical
variables were compared using chi square tests. In participants with CF, the relationship
between body composition measures and FEV1 or dietary intake variables was determined
via Pearson or Spearman correlation analysis, for normally and non-normally distributed
data, respectively. Multivariable regression analysis was used to assess the relationship
between various body composition measures and FEV1 Two regression models were used
to adjust for potential confounding effects: Model 1, adjusting for age and gender; Model
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2, adjusting for age, gender and BMI. A p-value of <0.05 was considered statistically
significant.

3. Results

3.1. Clinical Characteristics

Thirty-eight adolescents and adults with CF and 19 healthy volunteers were included
in the analysis. Clinical characteristics are summarized in Table 1. Participants ranged
in age from 15 to 56 years and included eight adolescents with CF and four adolescent
healthy volunteers aged 15–17 years. There were no significant differences between age,
gender, race/ethnicity, anthropometric measures, HOMA-IR, or physical activity between
the participants with CF and the healthy volunteers. Of the participants with CF, 30 (78.9%)
had a history of pancreatic insufficiency and 5 (13.2%) had a history of CFRD. Five of the
participants with CF without CFRD had fasting glucose levels consistent with impaired
fasting glucose (100–125 mg/dL). Approximately half of these individuals (n = 20, 52.6%)
were heterozygous and seven (18.4%) were homozygous for the F508del mutation. As the
initial CF cohort was recruited to study the effects of ivacaftor on BMD, half (n = 19) of
these participants had the G551D mutation. Ten participants (26.3%), all of whom had the
G551D mutation, were taking ivacaftor, which was initiated within three months of the
study visit. No other modulators were available for clinical use at the time of study enroll-
ment. In the 12 months prior to the study visit, thirteen (34%) of the participants with CF
experienced one or more CF exacerbations and 15 (40%) reported treatment with systemic
glucocorticoids. Three of the participants with CF were overweight (BMI ≥ 25 kg/m2),
and two were obese (BMI ≥ 30 kg/m2). Of the remaining 32 participants, approximately
one-third (n = 10, 31.25%) met criteria for NWO, including five women (33.3%) and five
men (29.4%).

3.2. Body Composition and Dietary Intake in Participants with CF and Healthy Volunteers

Comparisons of DXA body composition measures between participants with CF and
healthy volunteers are presented in Table 2. Participants with CF had a lower appendicular
lean mass/height2 (appendicular lean mass index, ALMI) compared with the healthy
volunteers. All other body composition measures were similar between the two cohorts.
As shown in Table 2, participants with CF reported a significantly higher total fat intake,
greater % calories from fat, higher glycemic index, and lower % calories from protein than
the healthy volunteers.

3.3. Relationship between Body Composition and Pulmonary Function in Participants with CF

Table 3 presents the results of correlation analyses and multiple linear regression
models for FEV1 and DXA body composition measures in the participants with CF (n = 38).
On univariable correlation analysis, only ALMI was significantly correlated with FEV1.
When controlling for age and gender (regression Model 1), FEV1 showed significant
positive correlations with lean mass, lean mass/height2 (lean mass index, LMI), and ALMI.
Subsequent analysis adjusting for age, gender, and BMI (regression Model 2) displayed an
even stronger relationship between FEV1 and ALMI (Figure 1), but the relationship with
LMI was no longer significant. In addition, a significant negative correlation between FEV1
and fat measures (% fat, trunk % fat, and fat mass/height2 (fat mass index, FMI)) was noted
when age, gender, and BMI were included in the model. BMI was significantly correlated
with FEV1; however, this significance was lost after adjusting for age and gender.
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Table 1. Clinical Characteristics.

CF (n = 38) Healthy Volunteers (n = 19) p-Value

Age (years) 27.9 ± 2.0 28.8 ± 2.7 0.796

Female, n (%) 20 (52.6%) 10 (52.6%)

Race, n (%)
White 38 (100%) 19 (100%)
Black
Asian
Native Haqaiian or Pacific Islander
American Indian or Alaskan Native

Ethnicity, n (%)
Hispanic 0 (0%) 0 (0%)
Non-Hispanic 38 (100%) 38 (100%)

Height (cm) 166.9 ± 1.5 170.3 ± 1.9 0.185

Weight (kg) 59.6 ± 1.9 64.4 ± 2.6 0.154

BMI (kg/m2) 21.4 ± 0.6 22.1 ± 0.5 0.447

HOMA-IR 1.2 ± 0.1 1.0 ± 0.1 0.455

Physical Activity Score 22.3 ± 2.8 16.4 ± 2.6 0.311

Genotype, n (%)
F508del homozygous 7 (18.4%)
F508del heterozygous 20 (52.6%)
Other 11 (28.9%)

Pancreatic insufficiency, n (%) 30 (78.9%)

FEV1 (% predicted) 73 ± 5

CFRD, n (%) 5 (13.2%)

CF Exacerbations in the past prior year (Y/N) 25 (65.8%)

Number of CF Exacerbations in the prior year 1.5 ± 0.25

Glucocorticoid Use in the prior year 15 (39.5%)

Ivacaftor Use, n (%) 10 (26.3%)

Data displayed as mean ± standard error (SE) or n (%) unless otherwise indicated. BMI, body mass index kg/m2;
FEV1, forced expiratory volume; CFRD, cystic fibrosis related diabetes; HOMA-IR, homeostatic model assessment
for insulin resistance.

Figure 1. Multivariable regression of FEV1 vs. ALMI in participants with CF. Figure 1 displays the
relationship between individuals’ FEV1 and ALMI values (circles) as well as the regression line of best
fit across the whole dataset when controlling for age, gender and BMI (Model 2). FEV1, % predicted
forced expiratory volume in 1 s; ALMI, appendicular lean mass index.
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Table 2. Body composition and dietary intake in participants with CF and healthy volunteers.

CF (n = 38)
Healthy

Volunteers (n = 19)
p-Value

Body Composition
Fat mass (g) 15,740 ± 1119 16,687 ± 898 0.097
Lean mass (g) 42,438 ± 1301 46,109 ± 2593 0.352
Total mass (g) 60,274 ± 1940 65,163 ± 2611 0.07
% fat 25.6 ± 1.2 26.2 ± 1.7 0.778
Trunk fat mass (g) 7051 ± 646 6709 ± 426 0.294
Trunk total mass (g) 30,267 ± 1111 30,330 ± 1299 0.618
Trunk % fat 22.3 ± 1.3 22.4 ± 1.3 0.52
Fat mass/height2 (kg/m2) 5.8 ± 0.4 5.9 ± 0.4 0.275
Lean/height2 (kg/m2) 15.9 ± 0.4 16.4 ± 0.6 0.481
Appen lean/height2 (kg/m2) 6.4 ± 0.2 7.2 ± 0.4 0.029

Dietary intake
Energy (kcal) 2880 ± 258 2203 ± 196 0.137
Total Fat (g) 118.8 ± 11.7 74.8 ± 8 0.016
Total Carb (g) 362.6 ± 34.4 292 ± 22.3 0.418
Total Protein (g) 104 ± 10.2 96.5 ± 11.4 0.667
Cholesterol (mg) 313.9 ± 42.9 248.3 ± 26.9 0.569
% Calories from Fat 36.5 ± 1.6 29.3 ± 1.3 0.002
% Calories from Carbohydrates 48.5 ± 1.8 52.8 ± 1.4 0.092
% Calories from Protein 14.9 ± 0.8 17.2 ± 0.8 0.015
Added Sugar (g) 120.6 ± 17.5 66.7 ± 6.2 0.142
Glycemic Index 61.4 ± 1.2 57.7 ± 1.1 0.036
Glycemic Load 213.1 ± 22 154.1 ± 11.6 0.131

Data displayed as mean ±SE; CF, cystic fibrosis.

Table 3. Correlation analyses and multiple linear regression of FEV1 vs. body composition measures
in participants with CF.

% Predicted FEV1

r p-Value
Model 1

Beta Coefficient
p-Value

Model 2
Beta Coefficient

p-Value

Fat mass (g) 0.174 0.296 0.0004 ± 0.0009 0.656 −0.003 ± 0.002 0.051
Lean mass (g) 0.194 0.243 0.003 ± 0.001 0.001 0.003 ± 0.001 0.003
% fat 0.065 0.7 −1.12 ± 0.992 0.263 −4.066 ± 0.1.121 0.001
Trunk fat mass (g) 0.157 0.348 0.001 ± 0.002 0.513 −0.005 ± 0.003 0.111
Trunk total mass (g) 0.265 0.108 0.002 ± 0.001 0.072 0.001 ± 0.002 0.451
Trunk % fat 0.081 0.629 −0.259 ± 0.87 0.768 −3.206 ± 1.184 0.011

FMI (kg/m2) 0.171 0.305 −0.141 ± 2.35 0.953 −14.684 ± 3.931 0.001

LMI (kg/m2) 0.264 0.11 5.242 ± 2.325 0.031 4.839 ± 3.459 0.171
ALMI (kg/m2) 0.332 0.042 15.021 ± 4.45 0.002 18.972 ± 6.542 0.007

BMI (kg/m2) 0.405 0.012 2.574 ± 1.505 0.096

Data displayed as correlation coefficient/Spearman’s rho for correlation analyses or Beta coefficient ± SE for
regression models. Model 1: adjusted for age and gender; model 2: adjusted for age, gender and BMI. Significant
results (p < 0.05) are in bold. FEV1, % predicted forced expiratory volume in 1 s; ALMI, appendicular lean mass
index; LMI, lean mass index; FMI, fat mass index.

3.4. Relationship of Body Composition with Dietary Intake and Physical Activity in Participants
with CF

Table 4 outlines the results of the correlation analysis between DXA body composition
measures, dietary intake components, and physical activity scores. Multiple measures of
body fat composition, particularly fat mass, % fat, and FMI, negatively correlated with
total amount of macronutrients (energy, fat, carbohydrate and protein), though the relative
proportion of each macronutrient intake did not correlate with body composition. Added
sugar and glycemic load both negatively correlated with multiple measures of body fat,
including % fat and FMI. Lean mass, LMI, and ALMI were not significantly associated
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with dietary composition. HOMA-IR did not significantly correlate with any DXA body
composition measures or dietary variables (data not shown).

Table 4. Correlation analyses between dietary intake and body composition in participants with CF.

Energy
(kcal)

Total Fat
(g)

Total
Carb (g)

Total
Protein

(g)
% Cal Fat

% Cal
Carb

% Cal
Protein

Added
Sugars

(g)

GI
(Glucose)

GL
(Glucose)

Physical
Activity

Fat mass
(g)

−0.533
(0.002)

−0.498
(0.004)

−0.445
(0.012)

−0.508
(0.004)

0.091
(0.626)

−0.104
(0.576)

0.096
(0.608)

−0.354
(0.051)

−0.036
(0.846)

−0.445
(0.012)

−0.469
(0.003)

Lean
mass (g)

0.181
(0.331)

0.194
(0.296)

0.073
(0.696)

0.277
(0.131)

0.248
(0.179)

−0.26
(0.158)

0.161
(0.389)

0.005
(0.979)

−0.024
(0.9)

0.072
(0.70)

0.304
(0.068)

% fat −0.679
(<0.0001)

−0.621
(0.0002)

−0.512
(0.003)

−0.705
(<0.0001)

−0.041
(0.827)

0.084
(0.653)

0.015
(0.936)

−0.409
(0.022)

−0.024
(0.898)

−0.481
(0.006)

−0.55
(0.0004)

Trunk fat
mass (g)

−0.54
(0.002)

−0.504
(0.004)

−0.443
(0.013)

−0.536
(0.002)

0.084
(0.655)

−0.08
(0.668)

0.017
(0.928)

−0.334
(0.066)

−0.057
(0.763)

−0.451
(0.011)

−0.457
(0.005)

Trunk %
fat

−0.65
(0.0001)

−0.618
(0.0002)

−0.512
(0.003)

−0.684
(<0.0001)

0.016
(0.931)

−0.009
(0.962)

−0.02
(0.916)

−0.349
(0.054)

−0.035
(0.853)

−0.508
(0.004)

−0.532
(0.0007)

FMI
(kg/m2)

−0.626
(0.0002)

−0.567
(0.0009)

−0.525
(0.002)

−0.623
(0.0002)

0.097
(0.605)

−0.097
(0.604)

0.049
(0.794)

−0.409
(0.022)

−0.051
(0.784)

−0.517
(0.003)

−0.51
(0.001)

LMI
(kg/m2)

−0.135
(0.469)

−0.099
(0.595)

−0.223
(0.228)

0.012
(0.949)

0.192
(0.301)

−0.271
(0.14)

0.259
(0.159)

−0.196
(0.292)

−0.156
(0.403)

−0.228
(0.219)

0.225
(0.181)

ALMI
(kg/m2)

0.004
(0.984)

0.063
(0.737)

−0.029
(0.878)

0.153
(0.41)

0.206
(0.266)

−0.288
(0.116)

0.232
(0.209)

−0.062
(0.742)

−0.113
(0.546)

−0.043
(0.819)

0.367
(0.025)

Data displayed as correlation coefficient/Spearman’s rho (p-value). Significant results (p < 0.05) are in bold. CF,
cystic fibrosis, ALMI, appendicular lean mass index; LMI, lean mass index; FMI, fat mass index.

Physical activity score was negatively correlated with multiple measures of body
fat, including fat mass, % fat, trunk fat mass, trunk % fat, and FMI. In contrast, ALMI
was positively correlated with physical activity, with no other relationship noted between
physical activity and other lean mass measures.

4. Discussion

In this cross-sectional study, individuals with CF had significantly lower ALMI com-
pared with the healthy volunteers, despite no observed differences in BMI. In participants
with CF, pulmonary function was positively associated with measures of lean mass but
negatively associated with measures of fat mass when accounting for age, gender, and
BMI, with ALMI having the strongest correlation. Higher physical activity levels were also
correlated with greater ALMI and lower body fat measures. Participants with CF consumed
significantly more fat, had higher glycemic index diets, and had a lower proportion of
calories from protein than their healthy peers. Interestingly, measures of lean mass were
not associated with key dietary intake variables in participants with CF; however, those
with the lowest body fat had the greatest caloric intake, without a significant relationship
to the relative macronutrient composition of their diet.

BMI has been the primary measure of nutritional status in patients with CF for many
years, due to its established strong correlation with pulmonary function and mortality [1,3,6].
However, BMI does not distinguish between fat mass and lean mass, and may be an
insensitive marker of both fat-free mass deficits and excess adiposity in patients with
CF [20,23,24]. For example, in a cross-sectional study of 86 adults with CF, fat-free mass
depletion was found in 14% of participants, but was undetected by BMI in 58% of cases [23].
A study by Alvarez et al., of 32 adults with CF reported that 31% had NWO, defined as
% fat > 30% in women and >23% in men in the setting of a normal BMI, and that these
subjects had a lower fat free mass index and pulmonary function than overweight subjects,
suggesting that excess adiposity may impact clinical outcomes even in the setting of a
normal BMI [20]. In our study, we found a similar proportion of participants with NWO
(31%). In addition, we found no difference in BMI between participants with CF and
healthy volunteers; however, those with CF had a significantly lower ALMI, which has
been identified as an important marker of sarcopenia and low muscle mass [33]. Lower
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ALMI has been associated with increased mortality in the healthy older population [33],
but this measure has not previously been reported in CF.

ALMI was also significantly correlated with pulmonary function in participants with
CF in our study, with an even stronger relationship after adjusting for age, gender, and BMI.
In contrast, BMI was correlated with FEV1 in the univariate analysis, but lost significance
after adjustment for age and gender, suggesting that ALMI may be a superior measure
than BMI in predicting lung function. After multivariable adjustment, lean mass was
also positively associated with FEV1, whereas measures of body fat (fat mass, % fat, and
FMI) were negatively correlated with FEV1. Similar to our findings, other studies in the
CF population have reported associations of lower fat-free mass or lean body mass with
lower pulmonary function [20,21,24]. Although ALMI correlations with clinical outcomes
have not previously been reported in CF, appendicular lean mass (ALM) was found to
be associated with FEV1 in one study of 69 adolescents with CF [5], and another study
reported a greater number of CF exacerbations in those with lower appendicular fat-free
mass [34]. In addition, our findings of a negative correlation between body fat measures
and pulmonary function are consistent with the previously cited study by Alvarez et al.,
in which FMI was negatively associated with FEV1 after adjusting for age, gender and
BMI [20]. Altogether, these results build a strong case supporting the importance of lean
mass, particularly ALMI, in promoting lung function while implicating excess adiposity in
pulmonary decline.

To achieve and maintain an adequate BMI, patients with CF are encouraged to con-
sume a caloric intake of 120–150% of the dietary reference intake (DRI) for the typical
healthy adult [1,35–38]. The CF Foundation, American Diabetes Association (ADA), and
European Society for Clinical Nutrition and Metabolism (ESPEN) recommend a similar
caloric composition for children and adults with CF, comprised of 20% of calories from pro-
tein, 35–50% from fat, and 40–50% from carbohydrate, though these recommendations are
built on a general consensus rather than evidence-based data [1,36]. Current guidelines do
not specify the composition of carbohydrate intake apart from avoiding artificial sweeteners
and closely monitoring carbohydrate intake to maintain glycemic control [8,36–38].

Nutritional interventions in patients with CF often target increasing or maintaining
BMI with high-calorie, high-carbohydrate and high-fat diets. However, in contrast with the
trends observed in the general population, the impact of such diets on body composition
in adults with CF is less clear [10,20]. In our study, we found that participants with CF
consumed a higher calorie diet driven predominately by the intake of fat, and higher
glycemic foods with a lower proportion of calories from protein, as compared with healthy
volunteers. Similar to our findings, a cross-sectional study of 80 children with CF aged
2–18 years (mean age 9.3 years), with age- and gender-matched controls, found that children
with CF consumed significantly more energy-dense, nutrient-poor foods than the controls.
In addition, another study noted significantly higher added sugar intake, lower Healthy
Eating Index scores, and higher visceral adipose tissue (VAT) in 24 adults with CF compared
with the matched controls [9]. Interestingly, VAT was associated with higher added sugar
intake and fasting glucose levels in that study. In contrast, we found a negative correlation
between body fat measures and both added sugar and glycemic load, and a negative
correlation was also noted with total energy intake as well as the absolute value of all
macronutrients, irrespective of macronutrient intake as a proportion of total calories. No
correlations were noted between diet and any measures of lean mass. Although unexpected,
these results suggest that the relative macronutrient composition of the diet may not
directly impact body composition, and that those patients with the lowest body fat were
consuming the greatest number of calories from all sources, perhaps related to increased
metabolic needs.

Not surprisingly, physical activity levels were positively correlated with ALMI and
negatively correlated with multiple measures of body fat, supporting the beneficial role
of exercise on body composition and muscle health. Several prior studies have shown a
strong correlation between fat-free mass (FFM) content and exercise capacity [39–41]. In
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a prospective pilot observational study of 28 adults with CF participating in an 8-week
exercise training (ET) program, with 15 CF controls with no ET, Prevotat et al., found that
ET resulted in an increased FFM compared with the controls [39]. Another study in 18
adolescents with CF reported that FFM measured by bioimpedance correlated with FVC
z-score, maximal inspiratory pressure, and exercise tolerance. Interestingly, BMI did not
significantly correlate with pulmonary or respiratory muscle function in this study.

Strengths of this study included the comprehensive clinical, DXA, and dietary mea-
sures prospectively collected in a relatively large number of patients with CF, as well as the
inclusion of an age-, race-, and gender-matched healthy control group. However, important
limitations of this study should be noted. The cross-sectional study design limited the
conclusions on causality that could be drawn, and further prospective longitudinal studies
investigating body composition in CF are needed. Participants were recruited from a single
study center, potentially limiting the heterogeneity of the study population. Nutrition
data were limited to a single 24-h diet recall, as opposed to 3-day food diary; repeated
prospective data collection within participants may have provided more accurate dietary
information. Similarly, physical activity was measured by survey and not by a wearable
activity tracker or fitness monitor. Although there were multiple definitions of NWO in
the literature, we utilized a definition that has previously been studied in CF. Given that
the primary outcome for the parent study was to assess the effect of ivacaftor therapy on
bone density and microarchitecture, half of the participants had the G551D mutation. A
genotypically more diverse CF population may have impacted our outcomes. In addition,
the small number of adolescent participants limited our ability to investigate differences
between adolescents and adults. Lastly, few of the participants were on CFTR modulators
at the time of the study, which could limit the applicability of these results to patients on
highly effective CFTR modulator therapy.

5. Conclusions

In conclusion, body composition measures may more accurately predict key clinical
outcomes in individuals with CF than BMI. In particular, ALMI was significantly lower
in individuals with CF than healthy volunteers, despite no differences in BMI, which may
have important clinical implications given the observed correlation between ALMI and
pulmonary function. In contrast, FMI and other measures of body fat were negatively
correlated with FEV1 when accounting for age, gender, and BMI, suggesting a detrimental
effect of adiposity in CF. Our data also support the beneficial impact of physical activity on
body composition, including increased ALMI and decreased body fat measures. Future
prospective longitudinal studies analyzing the effect of body composition, dietary intake,
and physical activity on CF-specific clinical outcomes are greatly needed, particularly in
the post-modulator era.
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Abstract: Cystic fibrosis (CF) is a life-shortening genetic disorder that affects the cystic fibrosis
transmembrane conductance regulator (CFTR) protein. In the gastrointestinal (GI) tract, CFTR
dysfunction results in low intestinal pH, thick and inspissated mucus, a lack of endogenous pancreatic
enzymes, and reduced motility. These mechanisms, combined with antibiotic therapies, drive GI
inflammation and significant alteration of the GI microbiota (dysbiosis). Dysbiosis and inflammation
are key factors in systemic inflammation and GI complications including malignancy. The following
review examines the potential for probiotic and prebiotic therapies to provide clinical benefits through
modulation of the microbiome. Evidence from randomised control trials suggest probiotics are likely
to improve GI inflammation and reduce the incidence of CF pulmonary exacerbations. However,
the highly variable, low-quality data is a barrier to the implementation of probiotics into routine CF
care. Epidemiological studies and clinical trials support the potential of dietary fibre and prebiotic
supplements to beneficially modulate the microbiome in gastrointestinal conditions. To date, limited
evidence is available on their safety and efficacy in CF. Variable responses to probiotics and prebiotics
highlight the need for personalised approaches that consider an individual’s underlying microbiota,
diet, and existing medications against the backdrop of the complex nutritional needs in CF.

Keywords: cystic fibrosis; dysbiosis; inflammation; nutrition; prebiotic; probiotic

1. Introduction

Cystic fibrosis (CF) is a genetic condition of autosomal recessive inheritance related to
mutations in the gene coding for the cystic fibrosis transmembrane conductance regulator
(CFTR) protein [1]. The CFTR protein affects the fluid secretion and mucus hydration of
epithelial cells in the airway, pancreas, intestines, and hepatobiliary tracts [2]. Chronic
suppurative respiratory disease arising due to impaired clearance of dehydrated airway
secretions is typically the principal cause of morbidity and mortality. However, the majority
(>90%) of patients with CF also suffer from gastrointestinal (GI) symptoms and complica-
tions [3,4]. Dysfunction of the CFTR protein in the GI system results in low intestinal pH,
thick and inspissated mucus, a lack of endogenous pancreatic enzymes, reduced motility,
and possibly an impaired innate immunity [5–7] (Figure 1). These mechanisms are pro-
posed drivers of local GI inflammation and contribute to a range of intestinal morbidities,
including an increased risk of early-onset adult GI cancer [8–11]. GI dysfunction combined
with antibiotic therapies also drives significant alteration (dysbiosis) of the GI microbiota
(Figure 1). Altered CF microbiota is likely to compound the proinflammatory effects of the
underlying disease.
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Figure 1. Microbiome- and CFTR-related dysfunction and inflammation in cystic fibrosis. Black
arrows indicate direction of known homeostatic effects. Red arrows indicate direction of known
inflammatory effects. Broken lines indicate proposed mechanisms of inhibition or dysfunction. Figure
was created with Biorender.com.

Evidence is accumulating that GI bacterial strains, which occur differentially between
CF and healthy controls (HC), are linked to inflammatory [12–14] and malignancy pro-
cesses [7,14]. Supplementation with prebiotics and probiotics are thought to provide
clinical benefit by promoting commensal bacteria and biosynthesis of immunomodulatory
metabolites. As public awareness and acceptance of probiotics and prebiotics continue to
expand, there is a growing interest in the potential clinical benefits of dietary prebiotics and
probiotics in CF. A total of 17 probiotic trials, including 12 RCTs, have thus far investigated
the safety and efficacy of individual probiotic strains and strain combinations in children
and adults with CF [15]. Promising improvements in inflammation [16–18], nutritional
status [19], and health outcomes [20,21] have been observed. However, due to selective
reporting and incomplete outcome data, the certainty of evidence has been evaluated as low.
Furthermore, large variations between protocols, probiotic formulas, dosage, and duration
of treatments limit the potential for clinical application. Prebiotics are often included in
probiotic preparations, but evidence surrounding safety and efficacy for the exclusive use of
prebiotics is trailing. There is only one clinical trial investigating the prebiotic high-amylose
maize starch (HAMS) in adults with CF [22]. The efficacy of prebiotic supplementation is
based on the selective utilisationof substrates (usually indigestible carbohydrates) by bene-
ficial bacteria. Critically, it is not yet known whether the altered CF intestinal microbiota
retains the capacity to exploit prebiotic substrates.
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This review describes the physiology of the GI tract in CF and the clinical relevance
of GI microbiome dysbiosis and inflammation. We discuss the current understanding
of probiotic and prebiotic mechanisms of action, provide important examples of clinical
studies examining probiotic and prebiotic applications in CF, and discuss considerations
for clinical translation.

2. Cystic Fibrosis in the Gastrointestinal Tract

CFTR is an important contributor to the normal physiology of the gastrointestinal
(GI) tract; as such, its dysfunction in CF disease has profound impacts on GI homeostasis.
CFTR is an epithelial cyclic adenosine monophosphate (cAMP)-dependent anion-selective
channel. It primarily secretes bicarbonate and chloride, and therefore exerts great influence
on the acidity and viscosity of secretions. In CF, the dysfunction of this ion channel is
clearly manifested in the systemic production of hyperacidic and viscid mucus [23,24].
CFTR also plays a role in the maintenance of epithelial tight junctions, modulation of fluid
flow, regulation of ion channels (such as sodium, potassium, calcium, and other chloride
channels [25,26]), and coordination of gut motility [27,28]. Altogether, disruptions to these
normal and vital functions of CFTR culminate in an abnormal GI tract (Figure 1).

The altered GI environment in CF results in various clinical sequelae that can be collec-
tively referred to as “obstructive tubulopathies.” The most common of these is pancreatic
insufficiency, which affects as much as 90% of patients with CF [29]. From as early as in
utero, the presence of concentrated pancreatic ductal secretions leads to luminal protein
precipitation with resultant obstruction and dilation of the pancreatic ducts, culminating in
progressive, irreversible destruction and fibrosis of the acinar tissue. The resultant pancreas
is dysfunctional and severely impaired in its ability to secrete critical enzymes necessary
for the digestion of carbohydrates, fats, and proteins [30,31]. Obstructive tubulopathies
are also evident in the intestines in the form of meconium ileus (MI) and distal intestinal
obstruction syndrome (DIOS). There are numerous other GI manifestations of CF, including
gastroesophageal reflux disease, pancreatitis, and liver disease, which have been detailed
elsewhere [32–36]. There are also less clinically obvious, but equally significant, manifes-
tations that arise as a result of the altered GI milieu in CF; namely, alterations to the gut
microbiota and intestinal inflammation. These are discussed in detail below.

3. The Human Gut Microbiome

The gut microbiome is a sophisticated, functional environment comprising an abun-
dance of microbes along the GI tract. These microorganisms and their metabolites perform
homeostatic functions, including the regulation of the gastrointestinal epithelial barrier,
fermentation of dietary starches and fibres, synthesis of amino acids and essential vitamins,
and modulation of the immune system locally and distally [37,38]. While a small propor-
tion of the gut microbiota is heritable, it is largely influenced by nongenetic factors [39].
The early development of the gut microbiome in infancy is predominantly shaped by one’s
mode of birth and feeding, with the cessation of breastfeeding being the driver of func-
tional maturation into an adultlike microbiota [40,41]. Subsequently, diet plays a primary
role in shaping the gut microbiome, as organisms respond to selective pressures from
dietary patterns throughout life [42,43]. Numerous other environmental factors can also
affect the gut microbiota, but perhaps the most well-established are medications, including
antibiotics [41,44–46].

One important aspect to spotlight when characterising the gut microbiota is microbial
diversity. Microbial diversity refers to species richness (the number of species) and/or
evenness (the relative distribution of species). Reduced microbial diversity is broadly
associated with ill health, as it is hypothesised that species diversity confers the ability to
withstand environmental threats and maintain homeostasis. This is attributable to compen-
satory functional redundancies enabled by a more robust ecological environment [47,48].
Disruption to the normal composition, physiology, and diversity of the gut microbiota is
an increasingly recognised feature of numerous disease processes. Decreased microbial
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diversity has repeatedly been observed in patients with chronic conditions, including
obesity, inflammatory bowel disease (IBD), type 1 and type 2 diabetes mellitus, and asthma.
Dysbiosis, the collective term for alterations to the normal balance or composition of gut
microbes, is also evident in many of those disease processes [48–51]. These observations
point to the critical involvement of the gut microbiota in health and disease, and solidify
the rationale for utilising microbial modulation as a therapeutic target.

4. The CF Gut Microbiome

Given the significant alterations to the intestinal environment resulting from CFTR
dysfunction, it is unsurprising that the CF gut microbiome differs from that of the healthy
gut from early life onwards. One key features of the CF gut microbiome is decreased
species diversity [7,12,52–54] (Figure 1). In addition, paediatric studies have demonstrated
that the CF gut microbiome diversifies and matures at a significantly slower rate than that
of a healthy child [54–56]. Compositionally, the CF gut microbiome also differs from that
of the healthy gut. Reductions in Bacteroidetes, Ruminococcaceae, Bifidobacterium, and Rose-
buria have consistently been observed. In contrast, abundances of Enterococcus, Veillonella,
and Enterobacter have been shown to be relatively increased in the CF gut [7,12,52–55,57].
Use of the CFTR modulator ivacaftor is associated with arguably “healthier” microbiome
profiles, reinforcing the concept that dysbiosis is driven by CFTR dysfunction [58]. Recent
advancements in metagenomic methods have enhanced the ability to characterise the
functionality of the gut microbiota, thereby elucidating the physiological consequences
of dysbiosis. It has been demonstrated that the CF gut microbiome displays an increased
capacity to metabolise nutrients, antioxidants, and short-chain fatty acids (SCFAs), as well
as a relatively decreased propensity to synthesise fatty acids [7,56,59].

The key drivers of these changes to the gut microbiota involve the downstream ef-
fects of CFTR dysfunction. The production of dehydrated mucus, changes to intestinal
pH, nutrient malabsorption, and prolonged intestinal transit secondary to intestinal dys-
motility all have the potential to exert selective pressure on enteric microorganisms and
ultimately alter the microbiome [60–62]. Notably, fat malabsorption following exocrine
pancreatic insufficiency could also confer survival advantage to certain organisms that
adapt well to high-fat intestinal environments [63]. These CFTR-related factors are fur-
ther compounded by iatrogenic causes. Antibiotic exposure, which is prevalent in CF for
the prophylaxis and treatment of respiratory tract infections, may contribute to changes
in the gut microbiota. Studies in the CF population have consistently demonstrated an
association between antibiotic use and decreased alpha diversity (within-sample species
diversity) in the gut [12,53,64,65] (Figure 1). Multiple studies have also highlighted a
correlation between antibiotic exposure and relative depletions of the bacterial genus Bifi-
dobacterium [64–67]. The high-energy and high-fat diet prescribed in CF is another likely
contributor (discussed below).

5. Intestinal Inflammation

Disruption to the gut microbiota is associated with intestinal inflammation in CF.
Chronic inflammation is a well-recognised feature of the CF intestine, primarily evidenced
by elevated faecal inflammatory markers in patients with CF in many studies [68–73]
(Figure 1). The earliest evidence of GI inflammation was elevated concentrations of in-
flammatory markers such as interleukin-8, interleukin-1β, neutrophil elastase, and im-
munoglobulins on whole-gut lavage, reported by Smyth et al. [74]. Imaging techniques
including endoscopy and capsule endoscopy have subsequently revealed a high prevalence
of mucosal pathologies, including ulcerations and oedema in the CF GI tract [71,75,76].

Gut inflammation in CF is of a multifactorial aetiology. Mucus hyperviscosity and hy-
peracidity as a result of CFTR dysfunction likely promote gut inflammation [8,77,78]. CFTR
itself is also involved in downregulating proinflammatory pathways, and hence its dys-
function in CF may contribute to the altered intestinal milieu [79] (Figure 1). Additionally,
inflammation may be precipitated by intestinal dysmotility and the intraluminal pooling

46



Nutrients 2022, 14, 480

of inspissated contents [77,80]. The same iatrogenic factors that contribute to intestinal dys-
biosis, namely antibiotic exposure and the high-fat CF diet, have also been shown to be cor-
related with intestinal inflammation in CF and other contexts [81–83] (Figure 1). The mech-
anisms by which antibiotics may induce inflammation are not well-known. However,
it has been demonstrated in animal models that antibiotic administration promotes the
translocation of microorganisms through goblet-cell-mediated pathways, subsequently
increasing the release of inflammatory cytokines [84].

Notably, the aforementioned dysbiosis is a key contributor to intestinal inflammation in
CF. Reductions in the abundances of bacteria with anti-inflammatory properties, including
Faecalibacterium prausnitzii, has been widely observed in CF cohorts [7,52,53,66,70,85]. Many
of these bacteria are known producers of short-chain fatty acids (SCFAs), the primary
metabolites of anaerobic fermentation of dietary fibres and starches. SCFAs perform
homeostatic functions, including intestinal epithelial maintenance, colonocyte nourish-
ment, and immunomodulation (Figure 1). Accordingly, a relative depletion of SCFA-
producing bacteria and subsequent reductions in SCFA levels may contribute to inflam-
mation [60,86,87]. This is supported by numerous animal models in which SCFAs have
been shown to improve epithelial integrity and ameliorate intestinal inflammation [88–93].
However, the interactions between the microbiota and inflammation are also bidirectional.
Chronic inflammation results in the release of reactive oxygen and nitrogen species that
supply terminal electron acceptors required for anaerobic respiration. This exerts selective
pressure on gut microbes and may contribute to dysbiosis, as organisms with the ability
to efficiently perform anaerobic respiration have a growth advantage [94]. For example,
intestinal inflammation is associated with the proliferation of Enterobacteriaceae, a bacterial
family that has high nitrate reductase activity and can undergo efficient nitrate respira-
tion [95,96]. Indeed, organisms within the Enterobacteriaceae family (i.e., the Enterobacter
genus) are relatively more abundant in the CF gut [7,12,64,85]. Many of the mechanistic
aspects of the relationship between the gut microbiota and inflammation remain unknown,
highlighting the intricacy of these complex interactions.

6. Nutritional Management in CF

In 1988, Corey et al. [97] published a landmark study that led to pivotal paradigm
shifts in CF nutritional optimisation. It has since been established that energy requirements
are increased in CF due to increased energy expenditure from chronic lung inflammation
and increased work of breathing, as well as malabsorption secondary to exocrine pancreatic
insufficiency and gastrointestinal disease [29,98,99]. Patients with CF are also at risk of
deficiencies in fat-soluble vitamins due to fat and bile acid malabsorption, which often
necessitates supplementation [100,101]. Good nutritional status beginning in childhood
is now well-documented to be associated with better pulmonary function and survival
in CF [102–106]. Body mass index (BMI) is positively correlated with forced expiratory
volume in 1 second (FEV1) [107–110], and a low BMI at the age of 10 years is a risk factor
for lung transplantation in adulthood [111]. Greater weight-for-age percentile at the age of
4 years is also associated with better pulmonary function and survival through to 18 years,
as well as a reduced likelihood of subsequent pulmonary exacerbations, hospitalisations,
or CF-related diabetes [106].

Today, patients with CF are recommended a high-energy diet (110–200% of the age- and
sex-appropriate recommended daily energy intake) to maintain growth. While macronu-
trient targets are individual-specific, the current consensus generally advises that 15–20%
of total energy intake be derived from protein, 40–45% from carbohydrates, and up to
35–40% from fat [29,100,112]. Despite the clear benefits of nutritional optimisation, it has
become increasingly evident that patients with CF tend to overconsume “energy-dense,
nutrient-poor” foods high in salt, sugar, and saturated fat (i.e., junk foods) in order to
meet daily macronutrient requirements [113–117]. The proportion of patients with CF who
are overweight or obese is increasing. While patients who are overweight or obese are
reported to have better lung function than their normal weight or underweight counter-
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parts in some studies, this finding may be confounded by the fact that these patients are
also more likely to be pancreatic sufficient and have milder disease genotypes [118–122].
Additionally, weight gain and increased BMI, fat mass, and fat-free mass are reported
outcomes of CFTR modulator therapies that need to be taken into account as modulator
therapies gradually become the cornerstone of CF treatment [123–126]. Importantly, both
high-fat diets and obesity may exacerbate existing alterations in gut microbial composition
and chronic intestinal inflammation, with important clinical implications for individuals
with CF [81–83,127,128] (Figure 1).

7. Clinical Significance of the CF Gut Microbiome

Intestinal dysbiosis and inflammation have been demonstrated to be significantly
associated with clinical outcomes. In a recent study, Hayden et al. [55] observed a distinctly
more marked dysbiosis in infants with CF who had low length compared to infants with CF
who had normal length. Notably, the gut microbiome of infants with low length exhibited
a reduced abundance of Bacteroidetes and relatively delayed maturation compared to
that of infants with normal length [55]. Coffey et al. [7] had also previously reported
a positive correlation between Ruminococcaceae UCG 014 and BMI. Additionally, the CF
intestinal microbiota contains a comparatively lower prevalence of proteins that facilitate
carbohydrate transport, metabolism, and conversion, which may impact nutrient utilisation
and thus adversely affect growth [85]. It has also been demonstrated that faecal calprotectin
levels are inversely correlated with weight and height z-scores, and elevated calprotectin
levels are associated with underweight BMI (<18.5 kg/m2) [13,70,72].

Additionally, there is a growing body of evidence that suggests that the intestinal
microbiome is related to lung function. It has been reported that patients with lower
FEV1 have reduced intestinal microbial diversity compared to their counterparts with
better pulmonary function [12]. Positive correlations between intestinal bacterial genera
such as Ruminococcaceae NK4A214 and FEV1 have also previously been documented [7].
Furthermore, one study reported an association between microbial diversity in the gut
microbiota and pulmonary exacerbation events [57]. Some studies have also demonstrated
associations between gut inflammation and lower FEV1, although this has not yet been
widely validated [68,72]. It is postulated that these associations reflect a physiological
phenomenon termed the “gut–lung axis.” Along this axis, the intestinal and respiratory
microbiota engage in cross-talk to regulate immunity and homeostasis in both the en-
teric and pulmonary environments [129]. In the intestinal compartment, this is achieved
by gut-microbiota-derived metabolites, including SCFAs, which coordinate immune cell
signaling cascades that ultimately involve the lungs through G-protein coupled receptor
(GPCR)-mediated pathways and histone deacetylase inhibition [130–132]. In support of this,
Hoen et al. [133] observed in a paediatric CF cohort that pulmonary colonisation with the
pathogen Pseudomonas aeruginosa, a known contributor to declining lung function, was pre-
ceded by a reduction in the abundance of Parabacteroides in the gut. Notably, Parabacteroides
is associated with immunomodulation and anti-inflammatory properties [134]. While there
remain many unknowns with regard to the mechanistic aspects of the gut–lung axis, these
findings suggested that the intestinal microbiome is a site of therapeutic potential that
could be manipulated to optimise lung function.

Intestinal dysbiosis and inflammation have been linked to a number of serious mor-
bidities. Firstly, while patients with CF do not typically present with overt GI symptoms
similar to those of inflammatory bowel disease (IBD), elevated faecal calprotectin levels
are correlated with a worse quality of life [4,135,136]. Elevated calprotectin has also been
highlighted as a predictive factor of GI-related hospitalisations for infants with CF in their
first year of life [136,137]. Importantly, intestinal dysbiosis and inflammation may be con-
tributors to the increased risk of GI malignancies that is evident in the CF population [138].
While a clear causative mechanism has yet to be established in the context of CF, it is well
recognised from studies pertaining to IBD that chronic inflammation poses a significant risk
for the development of GI cancers [139,140]. This is largely due to oxidative stress and the
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resultant DNA damage, culminating in epigenetic disturbances to the expression of tumour-
suppressive regulatory proteins, transcription factors, and signalling molecules [141,142].
Furthermore, the inflamed gut may confer a growth advantage to genotoxic organisms,
especially E. coli [143]. Indeed, the relative abundance of E. coli is increased in CF, as well as
in IBD and colorectal cancer [144,145]. The depletion of SCFA-producing organisms in the
CF gut may also be a key factor, as SCFAs exhibit tumour-suppressive properties [146,147].
For example, in an animal model of colitis-associated colorectal cancer, SCFAs have been
shown to mediate reductions in proinflammatory cytokine release and tumour size and
incidence [148]. All in all, while intestinal dysbiosis and inflammation tend to be clinically
silent in CF, they may be associated with serious complications. This emphasises the
importance of optimising gut health in the management of CF.

8. Microbiome Modulation with Probiotics

Improving gut health through microbiome modulation is gaining traction in GI and
respiratory diseases [149,150]. The microbiome can be modulated through administration
of a single or combination of commensal strains (probiotics), indigestible carbohydrates
to promote the expansion of commensal strains (prebiotics), or a combination of both
(synbionts). Probiotics were first described in 1907, and have been utilised as a beneficial
dietary supplement since. In 2002, a consensus was reached by a joint FAO/WHO working
group on the definition of probiotics: “Live microorganisms that, when administered in
adequate amounts, confer a health benefit on the host” [151]. Existing probiotic prepara-
tions are based primarily on strains from the genus lactobacilli, bifidobacterial, and other
lactic acid-producing bacteria (LAB) isolated from fermented dairy products and faecal
microbiome samples [152]. However, rapidly expanding research into host–microbe inter-
actions is increasing the impetus for the development of next-generation probiotics from
beneficial microbes including Akkermansia, Eubacterium, Propionibacterium, Faecalibacterium,
and Roseburia species [153–155].

Probiotics have reported beneficial effects in diseases with links to a GI dysbiosis,
inflammation, and respiratory function [15,152,156]. However, knowledge gaps exist re-
lated to robust evidence-based probiotic use as a result of the significant heterogeneity
between studies and variability in the probiotic strains studied. Specific probiotic strains
have been indicated in the reduction in necrotizing enterocolitis (NEC) incidence [157]
and the management of Clostridium difficile [158,159], though the quality of evidence re-
mains low [160]. The rise of in vitro, animal, and cell culture research has expanded our
understanding of prosed mechanisms of action, and include direct interaction with com-
mensal gut microbiota, modulation of the immune system, production of organic acids,
colonization resistance, improved barrier function, production of hormones and other
small molecules with systemic effects, and probiotic–host interactions mediated by cell
surface structures [149].

8.1. Mechanisms of Action

Interaction with microbiome. The direct interaction with the microbiome is mediated
through the increasing microbial stability [161–163], cross-feeding [164], substrate forma-
tion, and antagonistic action through competition and production of antimicrobials and
bacteriocins [165–167]. Competitive exclusion and inhibition of pathogenic species is a
primary function of probiotics. In 2007, Collado et al. [168] tested 12 probiotic strains
against 8 pathogenic strains in a pig intestinal mucosa model, and found that all probiotic
strains tested were able to inhibit and displace pathogenic species of Bacterioides, Clostrid-
ium, Staphylococcus and Enterobacter. Another in vitro assay demonstrated that B. animalis
subsp. lactis BB-12 and Lactobacillus reuteri DSM 17938 inhibited the growth of pathogenic
bacteria E. coli [169]. Likewise, Lactobacillus paracasei FJ861111.1 has demonstrated signifi-
cant inhibition against several common intestinal pathogens including Shigella dysenteriae,
Escherichia coli, and Candida albicans [159].
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Modulate immune system. The interaction between microbiota and the immune system,
reviewed in [170], has impacts systemwide. Probiotics have been shown to modulate im-
mune function through an increase in anti-inflammatory cytokines [171,172], a reduction in
proinflammatory cytokines [149,152,173,174], and augmentation of vaccines and antibody
response [175–177]. The most common species to demonstrate immune modulation include
Lactobacillus, Bacillus, and Bifidobacterium, and the genus Saccharomyces [178]. The modula-
tion of the immune system through probiotics is not consistent across species or strains,
and exhibits variability between hosts [149,172]. Yet recently, Sanders et al. [179] identified
that some immune modulatory mechanisms related to cell surface infrastructure were
conserved across species and even genera.

Production of organic acids. Probiotic species belonging to the Lactobacillus and Bifidobac-
terium genera produce lactic and acetic acids as end products of carbohydrate metabolism.
These organic acids can reduce colonic pH, discouraging the growth of pathogens. Fredua-
Agyeman et al. demonstrated that commercial cocultures of Bifidobacterium and Lacto-
bacillus strains inhibited Clostridioides difficile growth in a pH-dependent manner [180].
Through the process of cross-feeding commensal bacterial species such as Faecalibacterium,
Lactobacillus, and Bifodobacterium, probiotics can also increase levels of beneficial short-chain
fatty acids (SCFA), including butyrate. SCFA have demonstrated anti-inflammatory and
antitumour properties [86,181,182].

Improve barrier function. Tight junctions are critical to epithelial cell function, prevent-
ing translocation of microbial species and proinflammatory metabolites [183]. Probiotic
Lactobacillus and Bifidobacterium strains have been shown to increase the expression of
tight junction proteins [184,185] and reduce the severity of acute gastroenteritis in chil-
dren through fortification of tight junctions [186]. Several Lactobacillus probiotic strains
have also demonstrated regulatory effects on the epithelial mucus layer [153,187–189].
The demonstrated upregulation of mucin production genes and enhanced mucin secretion
improves barrier function, inhibiting pathogen binding to epithelial cells [185].

Production of small molecules with systemic effects. Probiotic strains have been implicated
in the production of a range of small molecules and hormones that influence systemic func-
tion. Interestingly, these include neurotransmitters such as cortisol, serotonin, tryptamine,
noradrenaline gamma-aminobutyric acid (GABA), and dopamine, highlighting the poten-
tial of probiotics to modulate the gut–brain axis [190,191]. A range of satiety hormones and
enzymes that can aid digestion are also produced by some probiotic strains. For example,
Streptococcus thermophilus can facilitate lactose digestion through the production of microbial
β-galactosidase [192].

Probiotic–host interactions mediated by cell surface structures. The cell surface archi-
tecture of probiotic strains is critical to probiotic–host cell interactions. Many Gram-
positive probiotic strains share cell surface macromolecules that mediate these interac-
tions, including surface layer associated proteins (SLAPS), mucin-binding proteins (MUBs),
fibronectin binding proteins, and pili that interact directly with the intestinal epithelium,
mucus, and gastrointestinal mucosa receptors. These demonstrated interactions reviewed
in [179] can improve host barrier integrity, intestinal motility, and binding to intestinal and
vaginal cells.

8.2. Probiotics in CF

The use of probiotics in CF has been investigated in 17 clinical trials. Of those 17 trials,
12 were RCTs, with 8 trials including children and 4 trials including both children and
adults [15]. The number of subjects within the RCTs ranged from 22 to 81, and the trial
duration ranged from 1 month to 12 months. The probiotic formulations varied in dosage
from 108 CFU/day to 1011 CFU/day. Strain formulations with six of the trials utilised a
single Lactobacillus strain L rhamnosus GG [16,19,193,194] or L. reuteri [18,20,195], two trials
utilised multistrain formulations with fructooligosaccharides (FOS) [17,66], and three trials
utilised a multistrain without FOS [18,21,196]. Results from individual trials have cited
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a reduction in in inflammation [16–18], nutritional status [19], and pulmonary health
outcomes [20,21] (Table 1).

Table 1. Evidence for the use of probiotics in CF from RCTs.

Year
Probiotic Preparation

(Dose)
Study Design Duration

Probiotic
Participants

Primary Results Ref

1998 L. rhamnosus strain GG
(6 × 109 CFU/day) RCT (Cross-over) 6 months 28

Increased weight gain (placebo 2.7 ± 2.5%, probiotic
8.7 ± 8.1%, p < 0.05). Reduced risk of infections

(infections requiring antibiotic treatment per child in
6 months, placebo 39 and 1.7 ± 0.3, probiotic 19 or
0.9 ± 0.6, (p < 0.05)). Reduction in abdominal pain

(placebo = 6 patients with abdominal pain,
probiotic = 1, p < 0.05).

[194]

2007 Lactobacillus GG
(6 × 109 CFU/day) RCT (Cross-over) 6 months 38

Reduction in pulmonary exacerbations (median 1 vs. 2,
range 4 vs. 4, median difference 1, CI 95% 0.5–1.5; p = 0.003).

Reduction in hospital admissions (median 0 vs. 1, range
3 vs. 2, median difference 1, CI 95% 1.0–1.5; p = 0.001).

Increase in FEV1 (3.6% ± 5.2 vs. 0.9% ± 5; p = 0.02) and
body weight (1.5 kg ± 1.8 vs. 0.7 kg ± 1.8; p = 0.02).

[19]

2009
CasenBiotic a

(1 × 108 CFU/day)
VLS3 b (9 × 1011/day)

RCT (Cross-over) 6 months 40

Increased Quality of Life score from the PedsQLTM survey.
(Probiotics group—parent-reported, 0.87 higher (SD 0.19
higher to 1.55 higher)), (Probiotics group—child-reported,

0.59 higher (SD 0.07 lower to 1.26 higher)).

[18]

2013 Protexin capsule c

(2 × 109 CFU/day) RCT (Parallel) 1 month 20

Rate of pulmonary exacerbation significantly reduced
among probiotic group (p < 0.01). Parent-reported quality

of life improved in probiotic group compared with
placebo group at 3rd month (p = 0.01), not significant at

6th month of probiotic treatment.

[21]

2013 Protexin Restor sachet d

(1 × 109 CFU/day) RCT (Parallel) 1 month 24 Mean faecal calprotectin levels decreased with probiotics
56.2 μg/g, compared to placebo 182.1 μg/g (p = 0.031). [17]

2014 L. reuteri DSM 17938
(1 × 108 CFU/day) RCT (Cross-over) 6 months 30

Significant improvement in gastrointestinal health
(GIQLY score placebo 11.2 ± 0.3, probiotic 11.4 ± 0.3,

(p = 0.0036)). Decreased calprotectin (μg/ml) (placebo
33.8 ± 23.5, probiotic 20.3 ± 19.3, (p =0.003)).

[195]

2014 L. reuteri ATCC55730
(1010 CFU/day) RCT (Parallel) 6 months 30

Reduced pulmonary exacerbations (odds ratio 0.06 ([95%
confidence interval (CI) 0–0.40); number needed to treat 3

(95% CI 2–7), p < 0.01). Reduced number of upper
respiratory tract infections (odds ratio 0.14 ([95% CI 0–0.96);

number needed to treat 6 (95% CI 3–102), p < 0.05).

[20]

2014 Lactobacillus GG
(6 × 109 CFU/day) RCT (Parallel) 1 month 10

Reduced calprotectin concentrations from baseline,
compared to placebo (164 ± 70 vs. 78 ± 54 μg/g, p < 0.05;

251 ± 174 vs. 176 ± 125 μg/g, p = 0.3).
[16]

2018 Lactobacillus GG
(6 × 109 CFU/day) RCT (Parallel) 12 months 41

No significant difference in odds of pulmonary
exacerbations (OR 0.83; 95% CI 0.38 to 1.82, p = 0.643). No
significant difference in odds of hospitalisations (OR 1.67;
95% CI 0.75 to 3.72, p = 0.211). No significant difference

was for body mass index and FEV1.

[193]

2018
FOS + multi strain
powder e (108–109

CFU/day each strain)
RCT (Parallel) 90 days 22

No significance difference in FEV1 and nutritional status
markers. Patients with Staphylococcus aureus +

supplementation had reduced NOx (p = 0.030),
IL-6 (p = 0.033), and IL-8 (p = 0.009).

[66]

2018

L. rhamnosus SP1
(DSM 21690) and

B. animalis lactis spp.
BLC1 (LMG 23512)

(1010 CFU/day)

RCT (Cross-over) 4 months 31

No significant changes in the clinical parameters (BMI,
FEV1%, abdominal pain, exacerbations). Normalization

of gut permeability was observed in 13% of patients
during probiotic treatment.

[196]

a CasenBiotic (CasenFleet) 100 million (108 CFU/day), L. reuteri Protectis (DSM 17938), sweeteners (isomaltose (E-
953), xylitol (E-967)), calcium stearate, palmitic acid, citric acid, strawberry aroma as a capsule. b VLS3 (Faes Farma)
450 million, B. breve, B. longum, B. infantis, L. acidophilus, L. plantarum, L. paracasei, L. delbrueckii subsp. bulgaricus,
S. thermophilus as a powder sachet. c Protexin capsule containing L. casei, L. rhamnosus, S. thermophilus, B. breve,
L. acidophilus, B. infantis, and L. bulgaricus. d Protexin Restor sachet, FOS and a mixture of 1 × 109 CFU/sachet
bacteria (L. casei, L. rhamnosus, S. thermophilus, B. breve, L. acidophilus, B. infantis, L. bulgaricus). e FOS + multistrain
powder (5.5 g), L. paracasei, L. rhamnosus, L. acidophilus, and B. lactis.

From 2016 to 2021, six systematic reviews have attempted to synthesise the expand-
ing evidence for probiotics in CF [15,197–201]. The first review in 2016 [201] examined
a total of nine trials with a total of 275 subjects, and found that probiotics were likely to
decrease gut dysbiosis and improve gut maturity and function. In 2017, three more reviews
were published that were broadened to include evidence on pulmonary exacerbations
and quality-of-life indicators [197,199,200]. The latest and most comprehensive systematic
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review was based on data from the 12 RCTs only [15]. Combined data from four trials
(225 participants) found that probiotics may reduce pulmonary exacerbations when ad-
ministered over a four-to-12-month period mean difference (MD) of −0.32 episodes per
participant (95% confidence interval (CI) −0.68 to 0.03; p = 0.07)). The 95% confidence inter-
vals included the possibility of both an increased and deceased number of exacerbations.
The combined data from four trials (177 participants) also indicated that probiotics may
reduce faecal calprotectin, MD −47.4 μg/g (95% CI −93.28 to −1.54; p = 0.04). Due to (i) a
high risk of bias due to selective reporting; (ii) a high risk of bias due to incomplete outcome
data; and (iii) a lack of generalisability, the evidence for these results was evaluated as
low certainty [15].

The results from other biomarkers and health outcomes including lung function
(forced expiratory volume at one second (FEV1)% predicted) (five trials, 284 partici-
pants); duration of antibiotic therapy (two trials, 127 participants); hospitalisation rates
(two trials, 115 participants); height, weight, or body mass index (two trials, 91 partici-
pants); and reported health-related quality of life scores (1 trial, 37 participants) did not
demonstrate any difference between placebo and treatment groups, (all low-certainty evi-
dence). Only two studies included a microbial analysis, and insufficient data was available
to analyse in the systematic review. Likewise, there was insufficient evidence to evaluate
gastrointestinal symptoms. The probiotics evaluated in the RCTs were associated with four
adverse events, including vomiting, diarrhoea, and allergic reactions [15].

Results from individual trials and systematic reviews have consistently indicated
that probiotics are likely to have beneficial effects in CF, especially for inflammation and
pulmonary exacerbations. However, all systematic reviews cited a limited amount of
low-quality data as a barrier to justifying the inclusion of probiotics in current CF treatment
protocols [15,197–201]. Furthermore, a high variation between trial protocols, probiotic
formulation, dose, duration of therapy, and clinical outcomes measured make predictions
about effective strains and dosages and clinical translation difficult. To address data quality,
Coffey et al. [15] recommended multicentre RCTs of at least 12 months duration to best
assess the efficacy and safety of probiotics for children and adults with CF.

9. Microbiome Modulation with Prebiotics

Modulation of the microbiome can also be targeted through the administration of gen-
erally non-digestible compounds known as prebiotics. Prebiotics provide health benefits
by promoting the proliferation of commensal gut species and subsequent production of
beneficial metabolites [202]. Prebiotics were first defined in 1995, with an updated defini-
tion published in 2017 as “a substrate that is selectively utilized by host microorganisms
conferring a health benefit” [203]. Prebiotics occur naturally in foods such as breads, cereals,
onions, garlics, and artichokes [204] but are also available as dietary supplements. The most
established and well documented prebiotics include inulin, fructo-oligosaccharides (FOS),
oligofructose, galacto-oligosaccharides (GOS), and lactulose [205,206]. Other potential
prebiotics with expanding evidence of effect include resistant starch, high amylose maize
starch (HMAS), glucans, arabinoxylan oligosaccharides, xylooligosaccharides, soybean
oligosaccharides, isomalto-oligosaccharides, and pectin [206,207].

9.1. Mechanisms of Action

The underlying hypothesis of prebiotics is that the additional fermentable substrates
drive the proliferation of keystone commensal bacteria, and subsequently the production
of beneficial metabolites such as SCFA [152]. Commensal bacteria and SCFA metabolites
then directly and indirectly improve host health through colonisation inhibition, increased
barrier integrity, and immune modulation [183]. Currently, the mechanisms of action
postulated for prebiotics are primarily based on in vitro models. Validation of proposed
mechanisms and demonstrated effects in human models is limited.

Interaction and modulation of microbiome. Prebiotics in the form of undigestible carbo-
hydrates promote proliferation of beneficial bacteria. As mentioned above, subsequent
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health benefits are a direct result of increased beneficial bacteria such as colonisation inhibi-
tion, or an indirect result of increased beneficial metabolite production such as improved
barrier function and immune modulation [183]. In a randomised, double-blind, placebo-
controlled clinical trial, a prebiotic intervention with GOS reduced intestinal permeability
in obese adults. The probiotic intervention of Bifidobacterium adolescentis also reduced
intestinal permeability, but interestingly, no synergistic effect was observed when the two
were combined [208].

Defence against pathogens. As with probiotics, the modulation of the microbiome
through prebiotics results in the generation of organic acids, reducing luminal pH, which
inhibits growth of pathogens. The increase in commensal species also reduces nutrient
availability for invasive species as described above. There is also evidence to suggest that
GOS prebiotics can directly interfere with E. coli adhesion to tissue culture cells [209].

Metabolic effects. The metabolic effects of prebiotics have been the subject of several
meta-analyses [210–212]. The evidence suggests that GOS and inulin can reduce high
sensitivity C-reactive protein, plasma cholesterol, triglycerides, and fasting plasma insulin
associated with obesity and diabetes. The exact mechanisms of action, duration of effects,
or results from long-term consumption has not yet been established [211].

Immune modulation. Prebiotic immune modulation is primarily activated through
microbial fermentation and subsequent production of SCFA metabolites. However, some
prebiotics have been demonstrated to bind directly to some immune cell receptors [183,213].
Immune modulation is not consistent between probiotic categories or conditions, or even
within conditions. A RCT with 259 infants concluded that GOS and long-chain FOS
administered in formula may regulate immune function in infants, with a 50% reduction in
atopic dermatitis, wheezing, and urticaria to when compared to non-prebiotic formula-fed
infants [214]. Yet, a subsequent multicentre RCT with 365 infants found that while GOS
supplementation altered faecal frequency and consistency, there was no effect on incidence
of infection or allergic manifestation during the first year of life [215]. Likewise, conflicting
studies in elderly individuals have proposed prebiotic GOS supplementation may have
either no effect on immune function [216], or may increase immune function through
enhanced phagocytic activity and activity of natural killer cells [217,218].

9.2. Prebiotics in CF

Prebiotics have been combined with probiotics in synbiotic preparations for use in
CF probiotic trials [17,66,219]. However, only one study has investigated the exclusive use
of prebiotics in CF for GI microbiome modulation [22]. Effective clinical use of prebiotics
assumes a selective utilisation of the supplemented substrate by the recipient’s microbiota.
It is not yet known if the disrupted microbiota in CF that is depleted in key SCFA-producing
organisms, has the functional capacity to utilise prebiotic substrates. In a pilot study, Wang
et al. [22] used a combination of metagenomic sequencing, invitro fermentation, amplicon
sequencing, and metabolomics to investigate the HAMS fermentation capacity of 19 adults
with CF and 16 non-CF controls. They demonstrated that despite low abundances of com-
mon taxa attributed to fermentation of HMAS (Faecalibacterium, Roseburia and Coprococcus),
the production of butyrate and propionate was consistent with healthy control slurries,
while the production of acetate was reduced. In the absence of Faecalibacterium, the CF
SCFA biosynthesis was attributed to Clostridium ss1. Importantly, in a subset of CF patients,
the presence of HAMS led to enterococcal overgrowth and the accumulation of lactate [22].
Likewise, a murine study found that supplementation with purified prebiotics inulin,
fructooligosaccharides, or pectin may result in hepatocellular carcinoma in mice with pre-
existing perturbed microbial communities [220]. These results demonstrated the potential
for variable responses to prebiotics, dependent on the underlying microbiome [220].

In the absence of further CF-specific research, we examined evidence of prebiotics in
GI disorders with an inflammatory link, including ulcerative colitis (UC), Crohn’s disease,
colorectal cancer (CRC), and chronic respiratory disease including Psuedomonas aeruginosa
infections, asthma, and emphysema (Table 2). In colitis animal models, a range of prebi-
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otics including 2-fructosyl lactose [221], barley leaf insoluble dietary fibre (BLIDF) [222],
psyllium [223], wheat bran [224], and butyrate [225] have been shown to reduce colitis
symptoms and inflammatory markers, while increasing bacterial diversity and SCFA levels.
Specific inflammatory markers, bacterial species, and SCFA vary between studies and
prebiotic type (Table 2). The effects of inulin-type fructins (ITF) at 7.5 g/day (n = 12)
or 15 g/day (n = 13) were tested in a human trial with 25 patients with mild/moderate
UC [226]. The high-ITF-dose group showed significantly reduced colitis and calprotectin
concentrations, and increased butyrate levels. The bacterial species Bifidobacteriaceae and
Lachnospiraceae also increased in the high-dose group, but their abundance was not cor-
related to improved disease scores. The lack of taxonomic correlation suggested that
functional shifts may be more relevant than compositional shifts in UC (Table 2). A RCT
involving 140 preoperative patients with CRC investigated the role of prebiotics (fruc-
tooligosaccharides, xylooligosaccharides, polydextrose, and resistant dextrin) on immune
function and intestinal microbiota. They reported that probiotics led to improved serum im-
munological markers and abundances of commensal bacterial species before surgeries [227].
Prebiotics did not protect from surgery-related microbial stress observed in both postopera-
tive groups (Table 2).

Table 2. Evidence of prebiotics and dietary effects on microbiome in chronic inflammatory and
respiratory disease.

Dietary
Component

Study Model Disease Type Effect on Disease Effect on Gut Microbiome Effect on Host Biomarkers Ref

Specific diet

Low fat, high fibre Human Ulcerative colitis
(IBD)

↑ QoL IBD
questionnaire scores

↑ Bacteroidetes,
Faecalibacterium prausnitzii

↓ Actinobacteria

↑ Acetate, tryptophan
↓ Lauric acid [228]

Monosaccharides

High-sugar diet Mouse DSS-induced colitis
(IBD) ↑ Colitis

↑ Verruncomicrobiaceae,
Porphyromonadaceae

↓ α-Diversity,
Prevotellaceae,

Lachnospiraceae,
Anaeroplasmataceae

↑ Intestinal permeability,
proinflammatory cytokines,

BMDM reactivity to LPS.
[229]

Artificial sweetener Mouse SAMP1/YitFc ileitis
(Crohn’s disease) No change ↑ Proteobacteria ↑ Ileal myeloperoxidase

reactivity [230]

Milk oligosaccharides

GOS Human
crossover NA NA

↑ Bifidobacterium
↓ Ruminococcus, Synergistes,

Dehalobacterium,
Holdemania

↓ Butyrate (NS), Bacteroides
predicts OGTT [231]

pAOS Mouse P. aeruginosa
infection ↑ Bacterial clearance

↑ Bifidobacterium, Sutturella
wadsworthia,

Clostridiumcluster XI

↑ Butyrate, propionate ↑ IFN-γ,
t-bet gene, M1 macrophage, IL10

↓ TNF a, IL-4, gata 3 gene
[232]

2′-Fucosyl lactose Mouse IBD ↓ Colitis
↑ Ruminococcus gnavus
↓ Bacteroides acidifaciens,

Bacteroides vulgatus

↑ Acetate, propionate, valerate,
TGFβ↓ iNOS, IL-1β, IL-6 [221]

Plant polysaccharides

Dietary fibre Mouse T-cell-transfer
colitis (IBD) ↓ Colitis

No change in microbial
load or Clostridiales

abundance, metabolic
changes between

high-fibre and low-fibre
diets presumed based on

butyrate output

↑ Treg cells, caecal and luminal
butyrate, Foxp3 histone

H3 acetylation
[233]

Dietary fibre Human, RCT
meta-analysis NA NA

↑ Bifidobacterium,
Lactobacillus No change in

α-diversity

↑ Faecal butyrate FOS and GOS
drove microbial shifts [234]
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Table 2. Cont.

Dietary
Component

Study Model Disease Type Effect on Disease Effect on Gut Microbiome Effect on Host Biomarkers Ref

Dietary fibre Mouse Emphysema

↓ Alveolar
destruction and
inflammation

in BALF

↑ Bacteroidetes
↓ Lactobacillaceae,
Defluviitaleaceae

↑ SCFA, bile acids,
sphingolipids

↓ Macrophages and neutrophils
in BALF

↓ mRNA expression of IFN-γ,
IL-1β, IL-6, IL-8, IL-18, IRF-5,

MMP-12, TNF-α, TGF-β,
and cathepsin S

[235]

BLIDF Mouse DSS-induced acute
colitis (IBD)

Reduced colitis
symptoms

↓ Akkermansia
↑ Parasutterella, Alistipes,

Erysipelatoclostridium

↑ SCFA, secondary bile acids,
claudin-1

↑ Occludin and mucin 2
expression

[222]

FOS Human,
crossover NA NA

↑ Bifidobacterium
↓ Phascolarctobacterium,
Enterobacter, Turicibacter,
Coprococcus, Salmonella

↓ Butyrate, Bacteroides
predicts OGTT [231]

FOS, XOS,
polydextrose,

resistant dextrin
Human, RCT CRC ↓ Inflammation

(Preoperative) ↓ Bacteroides
↑ Bifodobacterium,

Enterococcus
(Postoperative) ↓

Bacteroides ↑ Enterococcus,
Lactococcus, Streptococcus

(Preoperative) ↑ IgG, IgM,
transferrin

(Postoperative) ↑ IgG, IgA,
suppressor/cytotoxic T cells

CD3+CD8+, total B
lymphocytes

[227]

ITF Human, RCT Ulcerative colitis ↑ Remission
↓ Colitis

↑ Bifidobacteriaceae,
Lachnospiraceae (not

correlated with
colitis reduction)

↑ Total SCFA, butyrate ↓ Faecal
calprotectin [226]

Psyllium Mouse
DSS-induced,

T-cell-transfer colitis
(IBD)

↓ Colitis ↑ α-Diversity
↓ Microbial density

↑ Butyrate, Treg cells
↓ IL-6, faecal LCN-2, intestinal

permeability
[223]

Wheat bran Pig NA ↓ Inflammation
pathways

↑ Bifidobacterium,
Lactobacillis

↓ Escherichia coli

↓ TNF-α, IL-1β, IL-6 and
TLRs/MyD88/NF-κB

pathways
[224]

SCFA

Butyrate Mouse IBD ↓ Colitis

↑ α-Diversity (NS),
Lactobacillaceae,

Erysipelotrichaceae
↓ IgA-coated bacteria,

Prevotellaceae

↓ TNF, IL-6, infiltration of
inflammatory cells in colonic

mucosa, acetate
[225]

Dietary fats

Saturated fats Mouse
Il10−/−,

DSS-induced colitis
(IBD)

↑ Colitis
↑ Bacteroidetes, Bilophila

wadsworthia
↓ α-Diversity, Firmicutes

↑ TH1 mucosal response due to
change in bile acid production [236]

↑, increased; ↓, decreased; BALF, bronchoalveolar lavage fluid; BMDM, bone-marrow-derived macrophages;
Bregs, regulatory B cells; CRP, C-reactive protein; DSS, dextran–sulfate–sodium; FOS, fructooligosaccharides;
GOS, galactooligosaccharides; IBD, inflammatory bowel disease; ILA, indole-3-lactic acid; iNOS, inducible
nitric oxide synthase; ITF, inulin-type fructans; LCN-2, lipocalin-2; LPS, lipopolysaccharide; NA, not applicable;
NS, not significant; RCT, randomized controlled trial; SCFA, short-chain fatty acids; TGFβ, transforming growth
factor-β; TH, T helper; TLR, Toll-like receptor; TNF, tumour necrosis factor; QoL, Quality of life; OGTT, oral glucose
tolerance test; Treg, regulatory.

In 2015, a mouse model study investigated the effects of dietary-pectin-derived acidic
oligosaccharides (pAOS) on Pseudomonas (P) aeruginosa, and found that pAOS may limit
the number and severity of pulmonary exacerbations chronically infected with P. aerug-
inosa [232] (Table 2). These results are highly relevant to individuals with CF, but have
not been validated in human trials. In another small RCT study, either a placebo or a
galactooligosaccharides (GOS) preparation highly selective to Bifidobacterium (B-GOS)
was given to 10 adults with asthma-associated, hyperpnoea-induced bronchoconstriction
(HIB) and 8 adult controls. Pulmonary function remained unchanged in the control group,
but in the HIB group, FEV1 was attenuated by 40%, and the baseline chemokine CC ligand
and TNF-a was reduced after B-GOS supplementation [237] (Table 2). As with probiotics,
the large number and source of prebiotics limits the ability to effectively compare treatments
across studies and conditions.
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9.3. Microbiome Modulation with Diet

There is an increasingly apparent link between diet, microbiome modulation, and host
health [238,239]. In the first few years of life, the interactions between diet and the micro-
biome are especially relevant. The oligosaccharides present in breast milk encourage the
colonization of Bifidobacterium spp. The subsequent metabolites produced by Bifidobacterium
spp. support the expansion of the microbiome through cross-feeding, and promote im-
mune tolerance to other commensal bacteria [240,241]. The progression of the microbiome
develops alongside increases in diet diversity, with the introduction of solid food triggering
a rapid expansion in the bacterial community and the subsequent quantity and variety of
metabolites. Metabolites associated with solid food ingestion, primarily butyrate, have been
demonstrated to drive the maturation of the mucosal barrier in Caco-2 cells [242], which is
critical to colonization inhibition of pathogens [243]. As mentioned earlier, iatrogenic
factors such as antibiotic use can disrupt microbiome progression [41]. More broadly, early
life microbiome disruption has been implicated in the development of autoimmune disease
in mouse models [244], and has been associated with lasting metabolic and autoimmune
disease consequences in observational studies [245–248].

The progression of the microbiome continues until it establishes near-adult levels
of diversity at 3–5 years of age. Once established, the microbiome is more resistant to
disruption [249]. However, diet remains a key modulator, with accumulating evidence of
the role of dietary components in local inflammation, intestinal barrier function, and host
immune dysregulation [220]. High-fat diets promote the translocation of certain bacteria by
enhancing intestinal permeability and preferentially increasing the relative abundances of
lipopolysaccharide-bearing bacteria [82,83,250–253]. Dietary fibres microbially fermented
in the gut lead to the production of short-chain fatty acid metabolites, which have demon-
strated roles in immune regulation [254–256], maintenance of epithelial barrier [223,257],
and microbiome modification [258]. Low-fibre diets also have long-term implications for
cancer [259] and metabolic and autoimmune diseases [260,261].

9.4. Diet in CF

Consistent with the general population, early-life microbiome development in CF is
correlated to infant breastfeeding [262] and the initiation of solid foods [133]. Infant breast-
feeding and solid food intake are further linked to the respiratory microbiome [262] and
health outcome indicators, supporting the concept of a gut–lung axis in CF [133]. The pro-
gression of the CF microbiome is disrupted in early life [53,54,59], characterized by reduced
taxonomic and functional profiles (dysbiosis) [7] that persist into adulthood [12]. No dietary
fibre interventions have been trialled in CF, but epidemiological studies and preclinical and
clinical trials support the potential of fibre to modulate the microbiome structure [234] and
improve function in chronic gastrointestinal [263] and respiratory conditions [235,264].

A low-fat, high-fibre diet in individuals with ulcerative colitis improved the quality
of life (QoL) as quantified through the QoL IBD survey. The intervention led to increased
acetate and tryptophan levels and modulated the microbiome, increasing the abundance of
Bacteroidetes and Faecalibacterium [228] (Table 2). A high-fibre diet also reduced inflamma-
tion and attenuated pathological changes associated with emphysema in an emphysema
mouse model exposed to cigarette smoke. Alveolar destruction and inflammatory cytokines
in bronchoalveolar lavage fluid (BALF) were reduced, while SCFA were increased [235]
(Table 2). In contrast, saturated fat decreased microbial diversity and increased colitis sever-
ity and the TH1 mucosal response in a DSS-induced colitis mouse model [236] (Table 2).
In 37 adults with asthma, high-fat intake was also demonstrated to increase inflammation
and attenuate both the duration and magnitude of recovery from an aerosol-administered
bronchodilator. However, the potential role of the microbiome was not investigated [265].
A range of micronutrients and antioxidant supplements have been trialled in CF to amelio-
rate fat-soluble vitamin deficiencies, altered fatty-acid synthesis, and increased oxidative
stress [266]. In 2020, a meta-analysis concluded that the benefits sometimes observed across
8 antioxidant and 15 essential-fatty-acid supplementation studies was not consistent enough

56



Nutrients 2022, 14, 480

to recommend their routine use in CF [266]. With the exception of an exploratory study
correlating vitamin D insufficiency with increases in potential pathogenic species [267],
the effect of these supplementations on the microbiome have not been widely explored.

10. Considerations for Clinical Application and Future Studies

A survey from a CF clinic in the USA found that 60% of CF patients currently use some
type of probiotic [268], despite the majority of probiotics available for sale having little to
no evidence to support effectiveness, dose, or disease specificity [269]. Conditional use
of specific probiotic strains in (non-CF) gastrointestinal disorders has been recommended
for prevention of antibiotic-associated C. difficile infections, pouchitis, and prevention of
necrotizing enterocolitis [160]. While these conditions may impact on individuals with CF,
recommendations have not been validated specifically in CF. Evidence from CF-specific
RCTs suggest probiotics are likely to improve GI inflammation and reduce the incidence of
pulmonary exacerbations. Yet, the highly variable, low-quality data has been insufficient to
determine ideal strains, dosage, and treatment duration, constraining the implementation
of probiotics into routine CF care.

The evidence for prebiotics lags behind that for probiotics. There was only one
clinical trial for the use of prebiotics in CF, and the results were mixed. Some individuals
demonstrated successful microbial modulation and an increased production of butyrate and
propionate. However, a subset of CF reactions exhibited enterococcal overgrowth, resulting
in lactate accumulation and reduced SCFA biosynthesis [22]. The altered microbiome
and predisposition to pathogenic overgrowth in CF highlights the need for standardised
preparations of well-characterised prebiotics to be investigated specifically within the CF
population to adequately evaluate safety and efficacy.

The increased energy needs of individuals with CF are currently being meet through
“energy-dense, nutrient-poor” diets with excess saturated fats and inadequate fibre in-
takes [113]. As previously discussed, high-fibre, low-fat diets are associated with improved
inflammation, immune modulation, and gut barrier function outcomes. While simply
adding more dietary fibre to existing CF diets is tantalizing, interventional dietary trials
have demonstrated that increasing dietary fibre intake does not necessarily translate to
increased SCFA production or improvements in disease outcomes [220,270]. This is per-
tinent to members of the CF population, who are likely to have altered SCFA-generating
pathways [7,56,60]. High-quality randomized trials with well-defined dietary components
are essential to provide justification for modulating microbiome–host effects through diet.
Considering the uptake of highly effective modulator therapies, a re-evaluation of dietary
recommendations with a focus on diet quality and individual energy requirements is
also recommended.

As outlined in previous reviews, there is a need for large, well-designed, longitudinal
and multicentred clinical trials to effectively evaluate the safety and efficacy of probiotics
in CF. While this is also true for prebiotics, there is a paucity of prebiotics research in
CF and a plethora of substrates with prebiotic potential. The use of organoids, cell lines,
and or animal models may be an economic option to demonstrate beneficial effects and
mechanisms of action across a variety of compounds before proceeding to clinical trials.
Likewise, there are a variety of dietary interventions and supplements that may have
beneficial host–microbiome effects. High-quality, randomized studies with well-defined
compounds are needed to evaluate safety and efficacy in CF before dietary interventions or
supplements can be utilised to modulate the CF microbiome.

11. Conclusions

Although the exact mechanisms are not yet fully elucidated, the host–microbiome
interactions in CF are critical to the incidence of GI inflammation and disease.

Targeted diet-based therapies provide an opportunity to modulate the altered CF
microbiome to counter the early disruption to microbiome progression, and could trans-
form GI and respiratory disease outcomes. The expansion of metagenomic, proteomic,
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and transcriptomic analyses continues to illuminate CF specific taxonomic and functional
alterations. This knowledge will be critical to the development of next-generation precision
probiotics and prebiotics. For now, there is insufficient evidence to support the safe and
effective use of prebiotics in CF, but probiotics and a re-evaluation of the CF diet may be
beneficial. Critically, there is a need for personalised approaches that understand an indi-
vidual’s baseline microbiota and can manage potential microbiome-modulating therapies
alongside existing medications and complex nutritional needs.
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Abstract: (1) Background: Malnutrition has been a hallmark of cystic fibrosis (CF) for some time, and
improved nutritional status is associated with improved outcomes. While individuals with CF histor-
ically required higher caloric intake than the general population, new CF therapies and improved
health in this population suggest decreased metabolic demand and prevalence of overweight and
obesity have increased. This study aimed to (a) examine diet quality in a population of young adults
with CF using the Healthy Eating Index, a measure of diet quality in accordance with the U.S. Dietary
Guidelines for Americans and (b) evaluate and describe how subcomponents of the HEI might apply
to individuals with CF (2) Methods: 3-day dietary recalls from healthy adolescents and young adults
with CF were obtained and scored based on the Healthy Eating Index (3) Results: Dietary recalls from
26 (14M/12F) adolescents and young adults with CF (ages 16–23), were obtained. Individuals with
CF had significantly lower HEI scores than the general population and lower individual component
scores for total vegetables, greens and beans, total fruits, whole fruits, total protein, seafood and plant
protein and sodium (p values < 0.01 for all). (4) Conclusion: Dietary quality was poor in these healthy
adolescents and young adults with CF. Given the increased prevalence of overweight and obesity in
CF, updated dietary guidance is urgently needed for this population. The Healthy Eating Index may
be a valuable tool for evaluating dietary quality in CF.

Keywords: cystic fibrosis; nutrition; healthy eating index; dietary guidelines

1. Introduction

Malnutrition has been a hallmark of cystic fibrosis since the disease was first described
in 1938 [1]. While exocrine pancreatic insufficiency is the primary driver of malnutrition
in individuals with CF, abnormalities of energy metabolism and gastrointestinal and hep-
atobiliary function also contribute [2,3]. The importance of improving nutritional status
was first identified by Corey et al. in 1988, who identified that taller and heavier individ-
uals with CF on unrestricted diet and appropriate pancreatic enzyme supplementation
had improved survival compared to their peers, despite similar pulmonary function [4].
Subsequent analyses confirmed the relationship between z-scores for weight and BMI and
longitudinal changes in forced expiratory volume in one second within 60% to 140% of
predicted values (FEV1%) [5]. The clearly defined relationship between nutritional status
and overall health has driven the most recent consensus recommendations for nutrition
in people with CF, which endorse maintenance of normal ranges of weight and stature
for age (BMI ≥ 50th percentile in children, ≥22 in adult women and ≥23 in adult men)
through routine energy intake of 110–200% of standards for healthy population [6]. Meeting
nutritional goals has historically been a challenge for individuals with CF. However, more
recent studies of healthy youth and young adults with CF, have demonstrated consistent
achievement of the recommended caloric recommendations often through a diet that is
high in saturated fat and added sugar and low in fiber [7–11].
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In fact, it is likely that some individuals with CF are consuming calories in excess of
their metabolic needs, as overweight and obesity are now being reported in individuals
with CF [12,13]. Overweight and obesity is expected to increase in prevalence in the CF
population, as highly effective cystic fibrosis transmembrane regulator (CFTR) modulator
use becomes widespread. Highly effective CFTR modulators have been associated with
increased weight and BMI, and are now available for approximately 90% of individuals
with CF [14–17]. The changing body composition of the CF population warrants additional
investigation within the CF research community regarding (1) the impact of overweight
and obesity on health in individuals with CF and (2) the need for better understanding as to
how dietary quality can impact nutritional status and health outcomes in this population.

Additional guidance for nutrition in CF, designed to build upon the existing 2008
guidelines was provided by McDonald et al. and recommend an “age-appropriate, healthy
diet, that emphasizes culturally appropriate foods associated with positive health outcomes
in the general population, including vegetables, fruits, whole grains, seafood, eggs, beans,
peas, nuts and seeds, dairy products, and meat and poultry” [18]. These specific food
groups were not mentioned in the prior guidelines, and represent a shift in focus from diet
quantity to diet quality. The Healthy Eating Index (HEI) incorporates all of these features
and provides a metric for the assessment of dietary quality in the general population. The
HEI is a measure of diet quality in accordance with U.S. Dietary Guidelines for Americans,
independent of quantity [19]. While there is inconclusive and limited evidence regarding
specific nutrients/food groups on outcomes in CF, it is likely that in aggregate, an overall
healthy diet is beneficial for individuals with CF, and the HEI tool may provide a framework
for dietary assessment and counseling in this population. This study aimed to (a) leverage
the HEI for examination of diet quality in a population of young adults with CF and (b)
evaluate and describe how subcomponents of the HEI scoring system might apply to
individuals with CF.

2. Materials and Methods

2.1. Study Population

Individuals with CF from the CF Center at the Children’s Hospital of Philadelphia and
the Hospital of the University of Pennsylvania were recruited for an ongoing longitudinal
study examining body composition and muscle function in CF (ClinicalTrials.gov identifier:
NCT02776098). Inclusion criteria for the trial were age 16–23 and confirmed diagnosis of
CF. Exclusion criteria included chronic glucocorticoid use, organ transplantation, severe CF
pulmonary disease (forced expiratory volume (FEV) 1%-predicted < 40%) and established
diagnosis of CF related diabetes. While not part of recruitment criteria, the CF cohort was
found to be was relatively healthy overall, as defined by median FEV1 98% of predicted
and median BMI 23.7 for males and 24.9 for females.

The dietary data for the general population were obtained from nationally repre-
sentative survey data—the What We Eat In America (WWEIA) portion of the 2015–2016
National Health and Nutrition Examination Survey (NHANES) [20]. The WWEIA is the
dietary intake interview component of the NHANES. In 2015–2016, 7918 Americans ages
2 and above (3877M/4041F) reported the types and quantities of foods and beverages
they consume in a 24-h period through this interview. The Center for Nutrition Policy
and Promotion calculated average HEI-2015 scores for the American population using this
information [19].

2.2. Diet Recall

Three 24-h dietary recall interviews (2 weekdays and 1 weekend day) were collected
by a Registered Dietitian Nutritionist via phone from each study participant. Interviews
were conducted within the 3 week period following the study visit. The dates and times
of the recalls were unannounced (unscheduled) so that participants did not change their
normal eating pattern.
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The 24-h dietary and supplement recall interviews elicited a detailed summary of all
foods, beverages and dietary supplements consumed by participants during a complete
24-h period (from midnight-to-midnight) for the day preceding the interview. Information
was obtained on the time of each eating occasion, the type of meal (breakfast, lunch,
supper, snack), the location of the meal (home, school, other) and what and how much was
consumed.

Data from these interviews were entered into Nutrition Data System for Research
(NDSR) (Version NDS2021, MN, USA) for analysis.

2.3. Calculation of an HEI Score

HEI scores for the CF population were calculated using Stata 17.0. Dietary recall
data were evaluated using percentage estimated energy requirement (%EER) and recall
days were included if %EER was >30%. Subjects were included if at least two recall days
met this criteria. NDSR output files 04 and 09 were used to calculate total HEI score and
individual component scores according to the Healthy Eating Index-2015 scoring standards,
which were also used in the NHANES population [21]. Mean scores were calculated for
participants by taking the mean score of their HEI and component scores across their
recall days.

2.4. Statistical Analysis

Stata 17.0 was used to analyze study data. Subjects were grouped by age according to
the 2020–2025 Dietary Guidelines for Americans (14–18 and 19–30 years). Normality of the
data was assessed using q–q plots [22]. The Kolmogorov–Smirnov test for nonparametric
data was used to compare the mean total HEI score and mean component scores between
the two age groups. One-sample t-tests were used to compare mean HEI scores and
components with nationally representative mean HEI scores and component scores.

3. Results

3.1. Subject Characteristics

26 adolescents and young adults with CF (median age 19.8 (range: 16.5–23.2) and
14M/12F) were enrolled in the study. Of these subjects, 20 were pancreatic insufficient
(PI) and 6 were pancreatic sufficient (PS). Subjects were generally healthy, as evidenced
by median FEV1% predicted of 98% (71–129), and average BMI 23.7 (19.9–33.8) for males
and 24.9 (20.2–28.4) for females (BMIs of >23 for males and >22 for females are associated
with improved outcomes in CF). Five Subjects ages 16–18 had significantly lower weight
(p = 0.009) and height (p = 0.04) than subjects ages 19–26, but better pulmonary function
(p = 0.004), all likely associated with younger age (Table 1). Nine subjects (6M/3F) had
BMI below CFF targets of 23 for males and 22 for females. Twelve subjects (6M/6F) had
BMI > 25, which the WHO defines as overweight, and 1 subject (M) had BMI > 30, which
the WHO defines as obese.

3.2. HEI Scores for CF vs. General Population

Individuals with CF had significantly lower scores than the general populations for
total HEI score and within the following categories of the HEI (Table 2): total vegetables;
greens and beans; total fruits; whole fruits; total protein; seafood and plant protein; and
sodium. No difference in HEI metrics was seen between younger (age 16–18) and older (age
19–23) individuals with CF (Table 2) or when either of these age groups were compared to
the US population (all p > 0.05, data not shown).

73



Nutrients 2022, 14, 834

Table 1. Subject Characteristics by Age: Younger individuals with Cystic Fibrosis (CF) had lower
weight (p = 0.009) and height (p = 0.04), and higher forced expiratory volume in one second (FEV1)%
predicted (p = 0.004) than older individuals with CF. Gender distribution, pancreatic status and BMI
were not different between the two age groups (all p > 0.05).

Total (n = 26) Ages 16–18 (n = 9) Ages 19–23 (n = 17) p-Value

Sex 14M/12F 3M/6F 11M/6F Pr = 0.127

Weight 64.9 [50.6; 107.5] 60.5 [50.6; 71.0] 69.8 [57.3; 107.5] 0.009

Height 166.7 [148.8; 185.1] 163.1 [151.4; 173.6] 171.8 [148.8; 185.1] 0.04

BMI 24.1 [19.9; 33.8] 22.1 [20.2; 26.8] 25.5 [19.9; 33.8] 0.07

Pancreatic Insufficiency 20Y/6N 6Y/3N 14Y/3N Pr = 0.366

FEV1% Predicted 98 [71; 129] 109 [94; 120] 87 [71; 129] 0.004

Table 2. HEI scores CF vs. reference: Individuals with CF had significantly lower total HEI scores than
the US population (p < 0.0001) and lower individual component scores for total vegetables, greens
and beans, total fruits, whole fruits, total protein, seafood and plant protein and sodium (all p < 0.01).
While younger (ages 16–18) individuals with CF tended to have lower total and component HEI
scores than older (ages 19–26) individuals with CF, these differences were not statistically significant
(all p > 0.05). * indicates clinical significance, p < 0.05.

Mean ± SD Score p-Values

Variable
Possible

Score

U.S.
Population

CF Subjects Within CF:
16–18 Y vs.

19–23 Y

U.S. vs.
All CF

SubjectsAll
Subjects

16–18 Y
(n = 7)

19–23 Y
(n = 19)

HEI total score 100 59 46.0 ± 12.1 45.0 ± 9.5 46.0 ± 13.2 0.61 <0.0001 *
Total vegetables 5 3.3 2.2 ± 1.1 1.8 ± 1.2 2.4 ± 1.1 0.34 0.0001 *

Greens and beans 5 3.1 0.8 ± 1.3 1.0 ± 1.0 0.7 ± 1.4 0.62 <0.0001 *
Total fruits 5 4.2 1.3 ± 1.4 1.6 ± 1.7 1.2 ± 1.3 1 <0.0001 *

Whole fruits 5 2.9 1.0 ± 1.3 0.9 ± 1.0 1.0 ± 1.4 1 <0.0001 *
Dairy 10 6 6.3 ± 3.1 6.7 ± 3.5 6.2 ± 3.0 0.62 0.58

Total protein 5 5 3.7 ± 1.0 3.6 ± 1.4 3.7 ± 0.8 0.68 <0.0001 *
Seafood and plant

protein 5 5 1.5 ± 1.8 2.1 ± 2.1 1.3 ± 1.7 0.43 <0.0001 *

Whole grains 10 3 3.2 ± 2.7 2.9 ± 3.1 3.4 ± 2.6 0.43 0.65
Fatty acids 10 4.1 3.7 ± 2.6 3.4 ± 1.2 3.8 ± 3.0 0.72 0.4

Refined grains 10 6.4 5.5 ± 2.8 5.3 ± 3.0 5.6 ± 2.8 0.85 0.11
Sodium 10 3.7 5.0 ± 2.4 5.1 ± 2.5 5.0 ± 2.5 0.62 0.01 *

Added sugars 10 6.8 6.2 ± 3.0 6.5 ± 2.4 6.0 ± 3.2 0.66 0.28
Saturated fats 10 5.1 5.7 ± 2.8 4.6 ± 2.3 6.1 ± 2.9 0.18 0.28

4. Discussion

This study examined dietary quality in a cohort of young, healthy adults with CF.
Our data showed that younger individuals had poor dietary quality as measured by the
Healthy Eating Index, and scores are lower than what have been reported for a healthy
reference population. We found that although not statistically significant, 16–18 year olds
tended to have worse diet quality than 19–23 year olds, which is consistent with trends
seen in the general population.

While multiple studies have examined dietary quality in CF, this study is unique as
we leveraged the HEI, which specifically examines how dietary intake aligns with the
recommendations for the Dietary Guidelines for Americans [19]. Alvarez et al. have
also utilized this score to measure dietary quality in an older population (ages 18–50) of
individuals with CF, and found individuals with CF had lower HEI scores as compared to
age matched controls. The present study differs as our data were collected using a 3 day
diet history obtained by a Registered Dietitian Nutritionist as opposed to a patient dietary
records, we leveraged the NHANES database as a reference sample, and our CF population
was healthier, as evidenced by their higher average FEV1 (98% vs. 74%) and higher average
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BMI (24.1 vs. 21.6). Although Alvarez et al. did not find a significant difference between
CF and controls when examining specific elements of the HEI, we found that individuals
with CF had lower scores than the general population in total HEI score and almost all HEI
components. Specific dietary components have not been specifically linked with outcomes
in CF; however, it is important to consider the deficits in the current CF diet, and how the
benefits of each of the HEI components may specifically apply to individuals with CF.

4.1. Fruits, Vegetables and Legumes and Cystic Fibrosis

Our study found individuals with CF scored lower than average for consumption of
vegetables, fruits and greens and beans. This is consistent with prior studies of intake in
CF. In a cross-sectional study of 24 clinically stable adults with CF (mean FEV1% 60, BMI
22 kg/m2), none of the subjects met the recommended five servings of vegetables, and only
8.3% met daily fruit intake recommendations [23]. In an observational study by Calvo et al.,
which examined dietary patterns in 207 children with CF (ages 2–17) from six European
CF centers, median intake of vegetable products was 1.0–2.8 times per day, fruits from
1.0–1.5 times per day and legumes from 0–0.2 times per day, all well below recommended
daily intake [11].

Similar findings were seen in a Greek study of dietary quality in CF, only 16.7% of
females (n = 44) and 17.1% of males (n = 32) consumed fruit more than once daily and only
14.6% of females and 20% of males consumed vegetables more than once daily. Addition-
ally, this same study found that only 41.7% and 40% of females and males, respectively,
consumed pulses on more than one occasion per week [7].

As fruits, vegetables and legumes are rich in fiber, not unexpectedly, overall daily fiber
intake has been shown to be lower than recommended in individuals with CF, with median
intakes ranging from 10.5–17.0 g/day in a study by Calvo et al. [11]. When Gavin et al.
compared fiber intake in youth with CF to age-matched controls, mean daily fiber intake
was lower in CF [24].

In addition to fruit, vegetable and legume fiber sources, whole grains are also an
important source of dietary fiber. While individuals with CF still scored below target in this
category, intake was not significantly lower than the general population, nor were intakes of
refined grains or added sugar higher than the general population. No studies have specifi-
cally examined intake of whole grains as compared to refined grains in individuals with CF,
but Sutherland et al. found significantly higher intake of refined carbohydrates including
confectionary, packaged snacks, baked products and sweetened drinks in youth with CF
as compared to age- and gender-matched controls.8 Additionally, Tierney et al. found
in people with CF, 29% of daily caloric intake came from discretionary foods (packaged
sweets, sugar sweetened beverages etc.), compared with 25% of non-CF adults.

The role of fiber in the CF diet has not been fully established. In a study of 68 children
with CF, who were grouped based on presence of no, mild/moderate or severe abdomi-
nal pain, grams of fiber per kilogram body weight was significantly lower in the severe
abdominal pain group than the others [24]. Contradictory results were seen by Proesman
et al. who did not find a relationship between fiber intake and gastrointestinal problems in
patients with CF [25].

Individuals with CF have been shown to have dyslipidemia, with elevated triglyc-
erides and low HDL [26]. Dietary fiber has been shown to be inversely related to triglyceride
levels in non-CF adults with overweight and obesity [27]. A cross-sectional study con-
ducted in China found a dose-response relationship between increased dietary fiber intake
and increase of HDL cholesterol in males [28]. Future studies should examine whether
dietary fiber intake, similarly impacts lipid profiles of people with CF.

The quality of carbohydrate intake by individuals with CF, may also have implications
for glycemic controls, as carbohydrates, total sugars, added sugars and dietary glucose load
were found to be significantly positively associated with measures of glycemic variability in
a cohort of adults with CF who were not on insulin or other glucose-lowering therapies [29].
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4.2. Dairy and Cystic Fibrosis

Individuals with CF had suboptimal scores for dairy intake, but interestingly, scores
were slightly higher than the general population. Currently, there are no specific guidelines
for calcium intake in CF, and in the United States, it is recommended that people with
CF adhere to the 1997 Institute of Medicine (IOM) guidelines for calcium intake for the
general population [16,30]. Only 48.5% of Australian adults with CF met daily require-
ments for dairy intake [23]. In a study by Calvo et al., average calcium intake ranged
from 614–1022 mg daily, below 1997 IOM recommendations for 1300–1500 mg daily [30].
Interestingly on food frequency questionnaires, dairy products were cited as the most
frequently consumed food group among people with CF [11]. Vitamin D, which also plays
an important role in bone health, is monitored annually, and as most individuals with CF
are unable to meet needs through dietary intake alone, regardless of dairy consumption,
dosing is based on serum levels, with adjustments as needed to achieve a target level of
>30 ng/mL; however, there is a lack of international consensus on this goal [31,32].

With improved longevity in CF, CF bone disease (CFBD) is an emerging problem and
can impact both pulmonary function and overall health [32]. As calcium and vitamin D
play critical roles in bone formation and maintenance, it is important to better understand
(a) the role that these specific nutrients play in the pathogenesis of CFBD and (b) the optimal
intake that is necessary for individuals with CF, as this may be different than the general
population.

4.3. Protein and Cystic Fibrosis

In our study, both total and seafood/plant protein were suboptimal in CF and lower
than the reference population. Current recommendations are for 20% of calories in the CF
diet come from protein [33]. Additionally, it has been shown that individuals with CF have
lower lean muscle mass and increased systemic inflammation, which both are associated
with increased dietary protein needs [34]. In a study by Calvo et al., protein intake was
adequate in people with CF according to these recommendations, but in an earlier lon-
gitudinal study by Smith et al., intake was consistently less than the recommended 20%
of total caloric intake [11,35]. Additionally, in patients with CF and exocrine pancreatic
insufficiency (EPI), protein digestibility is severely impaired. While PERT can improve
digestibility, the process remains severely delayed [36]. Thus, further studies are needed to
examine (a) whether increased protein intake can improve lean body mass in people with
CF and whether (b) protein digestion can be optimized in people with EPI.

Finally protein source deserves additional consideration. Even when protein intake is
adequate in people with CF, our study echoed prior findings that these needs are primarily
met through intake of meat and dairy products as opposed to plant based protein [11].
In a systematic review and meta-analysis of protein intake and all-cause mortality in the
general population, intake of plant protein was associated with a lower risk of all cause
and cardiovascular disease mortality. This inverse relationship remained significant in
studies that controlled for energy, BMI and macronutrient intake [37]. It will be important
to understand if these findings also apply in the CF population.

4.4. Saturated Fat and Cystic Fibrosis

A high fat diet has been a hallmark of nutritional therapy for CF, as fat malabsorption
can occur even with optimal enzyme supplementation [33]. Historically, the recommenda-
tions for fat intake were not typically achieved in people with CF; however, in more recent
years, these recommendations are consistently being met and exceeded. Our study found
that individuals with CF did not consume significantly more total or saturated fat than the
general population.

While a low fat diet has been associated with increased mortality in CF, a high fat
diet without attention to type of dietary fat may also be problematic.4 Multiple studies
have shown high saturated fat intake in individuals with CF [11,35]. Despite high total fat
intake, individuals with CF are at risk of essential fatty acid deficiency. The composition
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of dietary fat intake has been shown to play a role in development of this condition, with
intake of mono and polyunsaturated fat intake related to higher levels of essential fatty
acids in CF [38].

Saturated fat intake has also been shown to play a role in the pathogenesis of cardio-
vascular disease. While individuals with CF were previously not to be thought to be at
increased risk of cardiovascular disease, more recently, higher augmentation index, a com-
posite vascular parameter of both arterial stiffness and global peripheral wave reflection,
was shown to be higher in adults with CF [39]. These studies suggest that while a high fat
diet likely remains important in CF, additional attention should be paid to the composition
of dietary fat, with increased intake of mono and polyunsaturated fats, and decreased
consumption of saturated fat.

4.5. Strengths, Limitations and Future Directions

This study is the first, to our knowledge, to examine the dietary quality of children
and young adults using specific sub-scores of components of the HEI, which is pertinent to
understanding dietary patterns during periods of growth and development in CF. Dietary
data for this study were collected by Registered Dietitian Nutritionists using a 24-h recall
method, not participant diet records. Additionally, all participants’ dietary data met the
minimum requirements for inclusion based on %EER. Limitations include a cross-sectional
study design; a small, geographically localized sample size; and no matched control group.
Examining dietary data in a larger, more representative sample of people with CF would
allow for greater generalizability. Additionally, while interviews regarding dietary intake
are vulnerable to inaccurate reporting by subjects, the use of a trained diet technician in
data collection allows for increased detail that is often missed when subjects report dietary
intake independently.

5. Conclusions

In summary, a cohort of young, relatively healthy individuals with CF generally had
poor dietary quality as measured by the Healthy Eating Index. In the context of increased
prevalence of overweight and obesity, and improved longevity, additional research is
warranted to determine the most appropriate dietary recommendations to support overall
health in people with CF.
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Abstract: Background: Physical exercise is an important part of regular care for people with cystic
fibrosis (CF). It is unknown whether such exercise has beneficial or detrimental effects on nutritional
status (body composition). Thus, the objective of this review was to evaluate the effect of exercise
on measures of nutritional status in children and adults with CF. Methods: Standardized reporting
guidelines for systematic reviews were followed and the protocol was prospectively registered.
Multiple databases were utilized (e.g., PubMed, Scopus, and CINHAL). Two reviewers independently
reviewed titles/abstracts and then the full text for selected studies. Results: In total, 924 articles
were originally identified; data were extracted from 4 eligible studies. These four studies included
only children; pulmonary function ranged from severe to normal, and the majority of participants
were at or below their recommended weight. Exercise training did not worsen nutritional status in
any study; two studies that included resistance exercise reported an increase in fat-free mass. Three
of the four studies also reported increased aerobic capacity and/or muscle strength. Conclusions:
Exercise training can produce positive physiologic changes in children with CF without impairing
their nutritional status. In fact, resistance exercise can help improve body mass. Much less is known
about how exercise may affect adults or those who are overweight.

Keywords: cystic fibrosis; exercise; nutritional status; body mass index; body mass; anthropometric

1. Introduction

Cystic fibrosis (CF) is a relatively rare genetic disease affecting over 30,000 people in
the United States and more than 70,000 people worldwide [1], with a prevalence varying
from country to country but being as high as 1 in 900 in parts of Canada to as low as
1 in 25,000 in Finland [2]. CF is caused by a mutation in the gene responsible for the
cystic fibrosis transmembrane conductance regulator (CFTR). This protein is expressed in
epithelial cells and serves to directly transport chloride and indirectly affects sodium and
water transport. CFTR dysfunction leads to sticky mucus, causing mucus obstruction in
various organs including the lungs, pancreas, liver, and intestines. Therefore, cystic fibrosis
is a multisystem disease, leading to a decreased life expectancy and significantly impaired
quality of life.

CF care requires a multidisciplinary team. It not only focuses on preserving pul-
monary function, but also the organ-specific and systemic manifestations of the disease
as mentioned above. Malnutrition is a common problem among CF patients, and it is a
consequence of multiple factors. Poor bicarbonate secretion from the pancreas, mucosal
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abnormalities leading to poor intestinal wall function, and poor gut transit time are all
thought to contribute to decreased fat absorption [3]. Patients with more pulmonary disease
manifestations have a higher concentration of circulating inflammatory markers, which has
been linked to decreased fat-free mass (FFM) and bone mineral density (BMD) [4]. People
with CF also have an increased resting expenditure rate at baseline [5].

Given that people with CF struggle with malnutrition, their nutritional status, assessed
via anthropometric measures, most commonly body mass index (BMI, for adults) or BMI
percentile (for children), is also a primary focus of CF care. BMI has been identified as
an independent predictor of mortality in cystic fibrosis, with one study demonstrating
a hazard ratio of 5.5 (CI 1.8–16.8) for adolescents 12 to 14 years old with a BMI of 15.8
or less [6]. BMI also has implications for morbidity in patients with CF; a cross-sectional
study demonstrated decreased FEV1 in patients whose weight was less than 90% pre-
dicted [7]. Current CF guidelines recommend BMI goals for individuals with CF; children
aged 2–20 are recommended to maintain a BMI ≥ 50th percentile, while adult women are
recommended to maintain a BMI of 22–25 and adult men a BMI of 23–25 [8].

The morbidity and mortality of people with CF can also be predicted by their exercise
capacity. It has been demonstrated that maximal

.
VO2 from cardiopulmonary exercise

testing (CPET) can also serve as a predictor of mortality. Both Nixon et al. (1992) [9]
and, more recently (2019), Hebestreit et al. [10] found a stepwise increase in survival for
people with CF based on increased quantiles of percent predicted peak

.
VO2. Another

study examined the longitudinal relationship between habitual physical activity and FEV1,
finding that those who were more physically active had a slower decline in FEV1 [11].

Thus, there appears to be a potential conflict between nutritional status and exercise.
Patients have an increased resting energy expenditure [5], and exercise would further
increase total energy expenditure, perhaps worsening their nutritional status by causing
additional weight loss. However, since patients with CF can improve their aerobic capacity
through exercise, it remains unclear how exercise may affect their nutritional status/body
composition. Most people think of exercise as a way to maintain or lose weight; thus, some
people with CF that are underweight or at their goal weight may be reluctant to begin an
exercise program. On the contrary, with the advent of highly effective modulator therapies,
some patients are now concerned about gaining too much weight [12,13].

Thus, the goal of this systematic review is to help answer the question: do exercise
and physical activity affect nutritional status in children and adults with cystic fibrosis?
This question has clinical relevance due to the morbidity and mortality implications of
malnutrition in this patient population and the perceived risk of weight loss in a population
that has historically been underweight. In this new era of highly effective modulator
therapies, there is now the potential risk for both normal weight obesity (increased fat mass
with an otherwise normal body mass) as well as outright overweight and obese, especially
as more people begin these drugs at a younger age and are on them for longer periods of
time [12,13].

2. Materials and Methods

2.1. Systematic Review Design and Registration and Design

This systematic review was planned and conducted according to the Preferred Re-
porting Items for Systematic Reviews and Meta-Analyses guideline [14]. The protocol was
registered in PROSPERO (CRD42021273303) [15].

2.2. Data Sources and Searches

After development of our population, intervention, comparator, outcome, and study
design (PICOS) question, a medical librarian (MMB) developed a specific search strategy
for multiple databases (PubMed, Scopus, Embase, CINHAL, SPORTDiscus and CENTRAL).
The latest search was conducted on 20 August 2021 and all relevant records were imported
into Covidence, an online software platform for conducting systematic reviews [16]. The
search strategies used are in Supplementary Table S1.
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2.3. Eligibility Criteria

Table 1 highlights the inclusion and exclusion criteria used in our review. The following
nutritional status outcomes were considered: BMI, BMI percentile, BMI z-score, body mass,
and fat-free mass.

Table 1. Summary of inclusion and exclusion criteria based on population/patient, intervention,
comparator, outcome, and study design (PICOS).

PICOS Parameter Inclusion Criteria Exclusion Criteria

Population
Children and adults with cystic

fibrosis (underweight, normal weight,
or overweight)

Infants, toddlers and preschoolers
(<5 years old)

Intervention Exercise or physical activity Passive exercise (e.g., stretching,
range of motion)

Comparison Non-exposed control group

Outcome Body mass index, body mass, body
composition (e.g., fat-free mass)

Study design Randomized controlled trials Language other than English,
German, Spanish, or French

2.4. Study Selection

Titles and abstracts of all identified articles were independently assessed, in duplicate
by 3 reviewers (WBN, NZA, and JDL) using Covidence [16]. Titles and abstracts that
did not provide sufficient information on the inclusion and exclusion criteria were then
selected for evaluation of the full text and were included according to the eligibility criteria.
Disagreements between the 2 reviewers were resolved by consultation with a third reviewer.

2.5. Data Extraction

Data were extracted through a standardized spreadsheet (MS Excel, Microsoft Cor-
poration, Seattle, WA, USA) created by the authors. Extracted data included publication
details, study methodology, baseline participant characteristics, intervention description,
and outcomes assessed. Disagreements were also resolved by consensus. The main out-
comes were anthropometrics measures (e.g., BMI and body mass). Secondary outcomes
included peak

.
VO2 and strength.

2.6. Quality Assessment

The Physiotherapy Evidence Database (PEDro) scale was used to evaluate method-
ological quality and risk of bias of the randomized controlled trials selected in this study.
The quality assessment was performed by 3 independent reviewers (NZA, SK, and JB).
Any items that were unclear were rated as a “no.” Total scores were calculated based on 10
of the 11 items in the tool.

2.7. Data Synthesis and Analysis

Due to the heterogeneity of the outcomes collected, a meta-analysis could not be
conducted. However, data extracted were quantitatively and qualitatively summarized
in tabular format. BMI-for-age percentiles and weight-for-age percentiles were estimated
by plotting values and extrapolating results on the National Center for Chronic Disease
Prevention and Health Promotion’s growth charts [17].

3. Results

3.1. Study Search Results and Selection

The search strategy resulted in 924 articles, of which 122 were considered relevant for
a more detailed analysis; 4 of these studies met the eligibility criteria and were included
in the systematic review [18–21]. Details of the selection process, including reasons for
exclusion, are illustrated in Figure 1.
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Figure 1. PRISMA flow diagram of the selection process and study search results.

3.2. Description of the Studies

Four studies evaluated participants’ nutritional status using BMI or other anthropo-
metric outcomes following active exercise and compared it with a control group [18–21].
Two of these reported either BMI or BMI z-scores [18,20]; three studies reported body
mass and fat-free mass [19–21] and one reported upper-extremity skin fold and circum-
ference [18]. No studies were conducted in North America. All four studies included
children and no study included adults. Percent predicted FEV1 for study participants
ranged from severe to normal (Table 2), and one study reported using supplemental oxygen
as needed [19]. Based on estimated mean age and body mass, 3 of the 4 studies were at
or below the 25th percentile [19–21] and the other study was at the 50th percentile [18];
hence, almost all of the participants in the study were either normal or underweight. As
recommended in a recent consensus statement [22], three used CPET results to guide the
exercise prescription [19–21] (Table 3) and all four studies used CPET (i.e., peak

.
VO2) for

outcome assessment (Table 4) [18–21].
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Of these studies, one was performed in the hospital during an acute pulmonary exac-
erbation [19], two were performed in a hospital-based outpatient gym for children [20,21],
and one was a home-based intervention with tele-rehab support [18] (Table 3). All four
studies included aerobic exercise (AET), three at a moderate–vigorous intensity [19–21] and
one with no specific intensity [18]. Two studies looked at AET as a separate intervention
and two combined AET with resistance exercise training (RET) [20,21]. Selvadurai com-
pared AET to RET and control [19], and Santana-Sosa’s 2014 study combined inspiratory
muscle training (IMT) [23] along with AET and RET compared to a control group [21]. The
primary outcome was assessed at hospital discharge (2–3 weeks) in one study [19], 8 weeks
in 2 studies [20,21] and 3 months in another [18].

Individual Study Descriptions

The earliest RCT to investigate the effects of exercise on nutritional status (body com-
position) in children was Selvadurai et al. (2002) [19]. They compared AET versus RET
versus a control group during hospitalization for an acute pulmonary exacerbation. All
groups received “intravenous antibiotics, chest physiotherapy, and nutritional supplemen-
tation.” The respective training procedures for the exercise groups are described in Table 3.
A maximal CPET using the modified Bruce protocol was used to guide the aerobic exercise
prescription and as an outcome measure (peak

.
VO2 ). They also reported spirometry as an

outcome. A daily 1 repetition maximum was used to guide the intensity of the resistance
training group. Mean hospital length of stay for each group was ~19 days. Outcomes
were assessed at discharge and 1 month post-discharge (1 month post-discharge results
not shown).

Santana-Sosa et al.’s first study (2012) [20] examined a combination of AET and RET
compared to a control group that only received verbal instructions regarding the benefits of
exercise during an outpatient visit (Table 3). They also used results from a maximal CPET
on a treadmill to guide intensity of AET (HR at the ventilatory threshold). The primary
outcomes, assessed at 8 weeks, were peak

.
VO2 and muscle strength, but included body

composition and pulmonary function as secondary outcomes.
A few years later (2014), Santana-Sosa et al. conducted a similar study [21] but

included progressive IMT, using a threshold device (POWERbreathe), in addition to AET
and RET (Table 3). Both of these studies also included a 4 week detraining phase (detraining
results not shown).

The most recent study (2015), by Hommerding et al. [18] was a home-based interven-
tion with tele-health support (Table 3). There was no direct supervision or reporting of
adherence to the program, but, subjectively, the exercise group reported almost 4-fold more
“regular physical activity”; however, only 35% of the exercise group reported exercising at
least 3 days/wk, compared to 24% in the control group. Outcomes were assessed at three
months. In addition to nutritional status outcomes (Table 4), they also reported spirometry
and maximal CPET results (peak

.
VO2, exercise time, treadmill speed, and maximal HR).

3.3. Study Quality

All of the included studies had random allocation, baseline comparability, adequate
follow up, between-group comparisons, and provided points estimates and variability
(Table 5), with all scores ranging from 5 to 7. A PEDro score of 5 is considered “fair,” and
scores of 6–8 are considered “good” [24]. As is typical in most exercise studies, neither the
participants nor the therapists were blinded to the intervention, but two did have blinded
outcomes assessors and intention-to-treat analysis [20,21].
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Table 5. Methodologic quality and statistical reporting assessment, using the PEDro scale, of ran-
domized controlled trials evaluating the effect of exercise on anthropometric outcomes in people
with CF.

PEDro Criteria
Selvadurai

2002 [19]
Santana-Sosa

2012 [20]
Santana-Sosa

2014 [21]
Hommerding

2015 [18]

1—Eligibility criteria     

2—Random allocation     

3—Concealed allocation     

4—Baseline
comparability     

5—Blind subjects     

6—Blind therapists     

7—Blind assessors     

8—Adequate follow-up     

9—Intention-to-treat
analysis     

10—Between-group
comparisons     

11—Points estimates
and variability     

Total score 6 7 7 5

Note: Scores range from 0 to 10. Eligibility criteria (item 1) do not contribute to the total score.  indicates

criteria was fulfilled;  indicates criteria was not met.

3.4. Effects of Intervention
3.4.1. Nutritional Status Outcomes

One study reported raw BMI scores [20] while another reported BMI z-scores [18]; BMI
z-scores are measures of relative weight adjusted for child age and sex [25]. One study saw
a slight decrease in BMI in both groups [20] while the other reported a slight increase [18],
but neither were clinically or statistically significant, either over time or between groups
(Table 4). Body mass increased overtime in the intervention and control groups in the
three studies in which it was assessed [19–21]; in two of these studies, the increase was
insignificant [20,21] but the RET group in the Selvadurai study had both statistically
significant and clinically meaningful increases in body mass (7.25%), which was all due
to an increase in fat-free (i.e., muscle) mass [19]. Although statistically insignificant in
Santana-Sosa’s studies [20,21], fat-free mass increased in the exercise groups and decreased
in the control groups.

Three of the four studies also included a follow-up period 4 weeks after the last
supervised exercise session and post-training outcome assessment [19–21]. These results are
mixed and likely the result of lack of standardization of this “detraining” period. Selvadurai
reported that body mass and fat-free mass continued to rise in the aerobic training group,
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while body mass decreased in the resistance training group and remained stable in the
control group; fat-free mass remained relatively unchanged in the resistance and control
groups during the post-exercise period [19]. Santana-Sosa’s initial study reported a stable
weight, BMI and fat-free mass after 4 weeks of detraining [20], but their subsequent study
reported a slight, but statistically insignificant, increase in body mass (0.5 kg) [21].

3.4.2. Physiologic Outcomes

Cardiorespiratory fitness, assessed as peak
.

VO2 from CPET, increased in the 3 studies
that performed supervised AET at an appropriate intensity [19–21]; 2 of which reported an
increase of over 20% (Table 4). It is also important to note that in spite of a potential learning
effect, peak

.
VO2 decreased over time in the control groups of these three studies [19–21]. On

the contrary, Hommerding did report an insignificant increase in peak
.

VO2 over 3 months
in both the exercise and controls groups [18]. Whereas Selvadurai reported a stable or
slightly higher peak

.
VO2 after detraining [19], both studies by Santana-Sosa reported a

significant decline in peak
.

VO2 after cessation of regular training [20,21].
Strength was assessed in 3 studies using either an isokinetic dynomometer [19] or

5 RM on an isotonic weight machine [20,21]. Selvadurai reported an increase in lower-
extremity strength of 18% in the RET but no significant change in AET or control groups [19]
The studies by Santana-Sosa reported an increase in lower-extremity strength of 25 to
43% [20,21]. One study also trained and assessed inspiratory muscle performance; they
reported an increase in PImax of 58% [21], which also seemed to be associated with
an increase in peak

.
VO2 compared to their prior study (of similar design but without

IMT) [20]. Surprisingly, the improvements in lower-extremity strength were preserved
in all three studies that included a “detraining” phase [19–21]. Only Santana-Sosa’s 2014
study reported a decrease in upper-extremity strength with “detraining” [21].

4. Discussion

To our knowledge, this is the first review to explicitly evaluate the effect of exercise on
nutritional status in individuals with CF. Other systematic reviews have focused on exercise
capacity, pulmonary function, and health-related quality of life [26]. Our review yielded
only four relevant RCTs [18–21], none of which included adults, and there was an overall
lack of uniformity in both the interventions provided as well as the outcomes assessed.

Despite having different exercise interventions and outcomes, none of these studies
reported a statistically significant decrease in FFM, BMI, body mass, or triceps skin fold
thickness [18–21]. This suggests that exercise, in the short term, in spite of a population
that was mostly normal to underweight, does not negatively affect body composition in
CF patients. In fact, Selvadurai, whose participants were the most malnourished (mean
weight for age 16%) demonstrated that RET can improve body mass, body composition and
muscle strength [19]; they were also able to demonstrate that AET led to larger increases in
aerobic capacity and a slight, but statistically insignificant, increase in body mass compared
to the control group; they ultimately suggested that a combined training program may be
of most benefit to patients with CF. In their initial study (2012) [20], Santana Sosa did not
notice any significant difference in BMI or FFM with a combination of AET and RET, but
in their later study (2014) [21], they did find a significant increase in FFM in the exercise
training group.

The mixed results of these studies may be due to multiple factors. They all used
different exercise methods in their studies. In addition, they have a limited sample size
in their study populations, with the largest study having 66 people [19]. Moreover, they
only examined the results of their intervention over short periods of time, the longest being
three months [18]. No RCTs were identified that examined changes in nutritional status
related to exercise over long periods of time in a CF patient population. Since their exercise
regimens were tightly controlled by either hospital admission or frequent phone calls, the
lack of detrimental effects from exercise in these studies is likely a reliable outcome, despite

91



Nutrients 2022, 14, 933

variations in benefit. This lends credibility into studying the effects of exercise on body
composition in CF patients over the long term. However, given the positive benefits of
exercise on other parameters, assigning participants to a prolonged control group could be
considered unethical.

Our results in children are similar to those found by Elice et al. in a matched cohort
study of adults; they found that only 24% of those that exercised regularly had an altered
BMI compared to 41% in those that did not exercise regularly [27]. More recently (2021),
Van Biervliet reported on a prospective pre–post intervention study design for patients with
CF (6 to 40 years old) to improve nutritional status and body composition; patients partici-
pated in a short-term (3 weeks), inpatient, physical exercise and nutritional intervention
program [28]. Weight, BMI, and fat-free mass were improved in both children and adults;
in addition, the number of adults classified as “malnourished” decreased from 41% to
24%, but was unchanged (24%) in children. To our knowledge, the largest exercise-related
CF study was recently completed and published [29]. The ACTIVATE-CF study random-
ized 117 children (≥12 years old) and adults to a 12 month partially supervised vigorous
physical activity intervention [29]; although data on body composition were collected as a
secondary outcome [30], these data are not yet reported.

Thus, based on the data we found in these four RCTs of exercise interventions in
children with CF, as well as other non-RCT studies, there is no evidence, even in normal
to underweight patients, that either AET or RET will worsen an individual’s nutritional
status; in fact, RET could help maintain or increase body mass and potentially lean body
mass. Clinicians should counsel patients that are concerned about the speculative effects of
exercise on their nutritional status and body composition that exercise is not detrimental
and may even improve their nutritional status. The CF care team should continue to rely
on the CF care team’s registered dietitian to provide appropriate individualized nutrition
care plans that compliment exercise regimens to help patients meet their personal goals
related to weight and body composition (e.g., the team reported by Van Biervliet included
a physician, dietician, psychologist, social worker and physical therapist [28]). In addition,
both AET and RET have additional benefits for patients with CF (increased aerobic capacity
and strength), benefits which are associated with a positive prognosis.

Hommerding demonstrated an increase in physical activity level in patients that had
frequent follow-up for their exercise regimen [18]. For those working in multidisciplinary
settings, referral to a physical therapist or an exercise specialist with experience with CF
that can guide exercise regimens over time and as their health waxes and wanes would
be of more benefit. There are standard guidelines on exercise testing [22], exercise pre-
scription [31], and physical activity assessment [32] for clinicians working with individuals
with CF.

We were surprised at the lack of high-quality RCTs that included nutritional status as
an outcome of exercise interventions. Future research should not only include longer-term
outcomes of exercise training on body composition in patients with CF, but should include
adults as well as differentially look at the impact of exercise on patients that are under-
weight, normal weight and overweight, and should include alternatives to BMI and body
mass in assessing nutritional status (e.g., dual-energy X-ray absorptiometry, skinfold thick-
ness, bioelectrical impedance, and peripheral quantitative computed tomography) [12,33].
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Abstract: Cystic fibrosis (CF) is a chronic, multisystem disease with multiple comorbidities that can
significantly affect nutrition and quality of life. Maintaining nutritional adequacy can be challenging
in people with cystic fibrosis and has been directly associated with suboptimal clinical outcomes.
Comorbidities of CF can result in significantly decreased nutritional intake and intestinal absorption,
as well as increased metabolic demands. It is crucial to utilize a multidisciplinary team with expertise
in CF to optimize growth and nutrition, where patients with CF and their loved ones are placed in the
center of the care model. Additionally, with the advent of highly effective modulators (HEMs), CF
providers have begun to identify previously unrecognized nutritional issues, such as obesity. Here,
we will review and summarize commonly encountered comorbidities and their nutritional impact on
this unique population.

Keywords: cystic fibrosis; nutrition; comorbidities; multidisciplinary care; patient outcomes; growth
and development; feeding difficulties

1. Introduction

Cystic fibrosis (CF) is a progressive, autosomal recessive genetic disorder with a
mean prevalence of 0.74 in 10,000 persons in the US. Mutations in the cystic fibrosis
transmembrane conductance regulator (CFTR) protein gene lead to disruptions in the
transport of chloride out of cells. This, coupled with overactive epithelial sodium channels,
leads to thickened mucus secretions throughout the body, including lungs, pancreas, liver,
gallbladder, and intestines [1]. The above contributes to multisystemic comorbidities
(Table 1) and makes maintaining adequate nutrition status challenging in CF patients by
decreasing nutritional intake, increasing metabolic demands, and decreasing intestinal
absorption [2]. It is crucial to utilize a multidisciplinary team with expertise in CF to
optimize growth and nutrition, given that undernourished persons with CF are more likely
to have poorer clinical outcomes, such as reduced pulmonary function [2,3]. Here, we
will review commonly encountered comorbidities and their nutritional impact on this
unique population.
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Table 1. Comorbidities affecting nutrition in CF.

HEENT Sinusitis
Respiratory Chronic Lung Disease, Nocturnal Hypoxia

GI/Liver

Gastroesophageal reflux disease, gastroparesis, small intestine
bacterial overgrowth, distal intestinal obstruction syndrome,

constipation, pancreatitis, exocrine pancreas deficiency, enteropathies
(e.g., celiac disease), cystic-fibrosis-related liver disease

Endocrine Cystic-fibrosis-related diabetes

Psychosomatic Disorders of eating, avoidant restrictive food intake disorder,
disorders of gut–brain interaction

Micronutrients Zinc deficiency, essential fatty acid deficiency, vitamin A, D, E, and
iron deficiencies

HEM related Overeating/obesity

2. Sinusitis

Cystic fibrosis chronic rhinosinusitis (CFCRS), a common finding in people with cystic
fibrosis, is defined by at least 12 weeks of persistent sinus inflammation with signs and
symptoms of sinusitis. In CF, there is a blunted cell membrane transport of chloride ions,
leading to decreased amounts of water that crosses into mucosal secretions. This results
in thick, inspissated mucus and poor mucociliary clearance, which can give rise to sec-
ondary bacterial colonization and recurrent sinopulmonary infections. Long-term mucosal
infection and inflammation predispose patients with CF to chronic rhinosinusitis [4].

While some individuals may be asymptomatic, affected persons may present with
headache, facial pain or pressure, anosmia or hyposmia, chronic nasal congestion, nasal
discharge, polyps, or mucosal edema. In infants, as obligate nose breathers, nasal obstruc-
tion and congestion may affect the ability to feed [5]. Olfaction dysfunction may lead to
poor appetite, food aversion, and subsequently suboptimal nutritional intake. In addition,
the literature suggests that paranasal sinuses can harbor bacteria that lead to pulmonary
exacerbations and further worsening of nutritional status, as discussed in the following
section [6].

Treatments can include topical steroids, nasal saline irrigation, and mucolytic agents,
such as dornase-alpha [7,8]. There are varied data supporting the use of antibiotics and en-
doscopic surgery [9]. There is also research supporting the role of CFTR protein modulation
in treating CF-related sinus disease. Ivacaftor, a highly effective CFTR modulator therapy
primarily utilized for gating mutations [10], was reported to improve CF-related chronic
rhinosinusitis (CF CRC) symptoms in persons with medically and surgically intractable Cf
CRC and has shown to improve food intake and appetite [11,12].

3. Lung Disease

There are significant data from the Cystic Fibrosis Foundation Patient Registry (CFFPR)
regarding the correlation between pulmonary function, resting energy expenditure, and
nutritional status [13]. Below, we will discuss literature highlighting the relationship
between lung function and nutrition.

People with malnutrition have significantly lower mean vital capacity and forced expi-
ratory volumes (FEV). One study found that adolescents who were malnourished presented
with significant declines in pulmonary function, as measured by forced expiratory volume,
compared to their peers. In one year, individuals who lost more than 5% of their weight
had FEV values that were 16.5% lower than predicted. On the other hand, participants who
gained weight had an increase in FEV that was 2.1% higher than predicted [14]. Another
study found that at higher weights and with developmentally appropriate weight gain,
children exhibit better improvements in average forced expiratory volume, which can be
used as a surrogate marker of lung health [15]. In a study by Zemel et al., it was found
that nutritional status was positively predictive of improvements in pulmonary function
in children with mild pulmonary disease [13]. It is possible that deterioration of lung
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function leads to worsening nutritional status by way of decreasing intake and increasing
nutritional requirements. An alternative is that deteriorating nutritional status may lead to
poor pulmonary function by weakening respiratory musculature. Children with worsening
pulmonary function test results should be evaluated for nutritional deficits, as it can be
indicative of worsening disease.

Sino-pulmonary symptoms of CF can include persistent cough and nasal drainage.
These can impact a child’s ability to consume calories due to blunted olfaction and taste.
It may also impact the process of eating when cough is persistent. Additionally, chronic
bacterial infections, such as Pseudomonas aeruginosa, can lead to chronic inflammation.
Chronic inflammation can be associated with adiposity, as well as reductions in linear
growth [16]. Metabolic overload and adipocyte enlargement can trigger apoptosis and a
subsequent inflammatory reaction. Additionally, research shows that excessive fat ingestion,
particularly without concomitant antioxidant ingestion, may contribute to inflammation
linked with obesity [17]. Welsh et al. suggests that increased adiposity leads to higher levels
of C-reactive protein, a common marker of inflammation [18]. In a similar vein, weight
loss in otherwise healthy obese patients is associated with decreases in C-reactive protein
levels [19]. Further studies need to be conducted to better understand the relationship
between obesity and inflammation in patients with CF.

4. Gastroesophageal Reflux Disease

Gastroesophageal reflux disease (GERD) is defined as troublesome symptoms and/or
complications occurring when gastric contents pass into the esophagus [20]. It is signifi-
cantly more common in children with CF [21], and data have suggested that infants with
CF are four times more likely to have GERD than infants without CF [22]. GERD can be one
of the most common and challenging-to-treat symptoms in patients with CF, with some
estimates stating up to 80% of this population reporting GERD [23,24].

The development of GERD is multifactorial, including lower esophageal sphincter dys-
function and increased transient lower esophageal sphincter relaxations (TLESRs) [23,25,26].
In CF, other factors include increased negative thoracic inspiratory pressure from pul-
monary disease, increased intra-abdominal pressure from coughing, poor clearance of
esophageal digestive contents, gastric dysmotility [27], or CF treatment side effects, includ-
ing a high-fat diet, gastrostomy feeds, medication side effects, and physiotherapy [25].

The diagnosis of GERD can be made clinically in a person who exhibits typical symp-
toms, including recurrent emesis or regurgitation, heartburn, abdominal or chest pain,
respiratory symptoms, and poor weight gain, most marked in infants [28,29]. Barium
swallowing study helps evaluate malrotation and other anatomic abnormalities. Upper gas-
trointestinal endoscopy may be valuable to exclude other causes or evaluate complications.
While pH-metry itself has limited diagnostic utility, pH-Impedance (pH-MII) may help
provide better symptom correlation with reflux events, especially when combined with
high-resolution manometry (HRM). This could determine the role of reflux and aspiration
in persons with diminished lung function [30,31].

The potential that GERD has in limiting caloric intake, including frequent emesis
and challenges when introducing a high-fat diet, puts people with moderate-to-severe
GERD at risk of malnutrition, impacting the quality of life and worsening disease severity.
Currently, the association between GERD and poor pulmonary function is unclear [25].
Frequent proton pump inhibitors (PPI) use in patients with CF was associated with lower
hemoglobin levels, possibly due to elevated gastric pH and decreased iron absorption [32].

There are no specific guidelines to manage GERD in patients with CF; treatment strate-
gies, in general, include non-pharmacological, pharmacological treatment, and surgery [20].
In infants, thickened feedings, a trial of extensive hydrolyzed or amino-acid formula, and
smaller volume feed at an increased frequency may help alleviate the symptom [20]. Head
elevation or left lateral positioning may help treat older children. Avoidance of spicy, fried,
and acidic food, as well as smaller but more frequent meals, may help symptom control.
Weight control, especially in the era of HEM therapy, is helpful if the person is obese.
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Commonly used pharmacological therapy, such as acid suppression, can be beneficial in
reflux-related erosive esophagitis; however, these medications should be used cautiously,
since utility in reducing the number of reflux episodes is unclear [33]. The facts on the effect
of gastric acid suppression on pulmonary function are conflicting [34,35], with some data
suggesting that acid suppression results in earlier and more frequent exacerbations [34], and
other suggesting that acid suppression does not affect pulmonary function [35]. Baclofen
and bethanechol may be used off label before consideration of surgical fundoplication,
a common invasive anti-reflux surgical procedure [20]. The benefit of fundoplication is
controversial but may be indicated in refractory cases. A retrospective study reported
by Boesch et al. found no changes in pulmonary function or nutrition one year post-
fundoplication [36]. In contrast, Shahid et al. found that in people with uncontrolled GERD
and worsening lung function, Nissen fundoplication led to significant improvement in
weight, fewer pulmonary exacerbations, and slowed the decline of lung function [37,38]. In
lung transplant patients, fundoplication may reduce the risk of bronchiolitis obliterans [39].
Complications from fundoplication and GERD recurrence do happen, and consideration of
the potential risks and benefits of the surgery need to be evaluated for each individual.

5. Gastroparesis

Gastroparesis (GP) is defined by constellation of various upper GI symptoms along
with delayed gastric emptying in the absence of mechanical obstruction to the passage of
content from the stomach to duodenum. Normal gastric emptying requires coordination
between intrinsic neurons and extrinsic input from the central and autonomic nervous
systems. Balanced excitatory and inhibitory signals and appropriated transmission lead to
a series of motor events, including proximal stomach accommodation, antral contractions,
pyloric sphincter relaxation, and antropyloric–duodenal coordination.

There are no data on the prevalence of the pediatric population so far. At-risk pop-
ulations include malnutrition, eating disorders, functional GI disorders, gastrointestinal
anatomical abnormalities, connective tissue disorders, postinfectious and chronic inflam-
matory processes [40]. The incidence of delayed or rapid gastric emptying within the CF
population has not been consistent in the literature. In a retrospective cohort study, 9 out
of 239 patients enrolled had CF, and 4 (44%) of the 9 CF patients had GP [41]. A systemic
review conducted by Corral, J.E. et al. showed that patients with CF have a high frequency
of GP of up to 38%, with a higher prevalence for patients older than 18 years, while younger
patients with untreated pancreatic insufficiency had rapid gastric emptying [42].

While the pathophysiology of GP remains unclear, various mechanisms have been pro-
posed, including altered gut hormones in response to meals, impaired ileal brake secondary
to fat malabsorption, and abnormalities in the enteric nervous system [43–45]. Frequent
use of opiates and anticholinergics can also decrease gastric emptying and intestinal transit
time. Diabetes does not seem to play a significant role in pediatric GP in CF [42].

In general, vomiting was the most frequent presenting symptom, followed by ab-
dominal pain, nausea, weight loss, early satiety, and bloating [41]. Infants and younger
children are more likely to experience vomiting, while adolescents predominantly manifest
symptoms of nausea and abdominal pain [46]. The diagnosis of GP is often challenging in
pediatric patients, given the lack of normative data and poor standardization of testing in
this population [40].

GP compromises patients’ quality of life, increases financial burden, and significantly
worsens nutrition status [47,48]. It often leads to food aversion, causing oral caloric intake
restriction [49]. Adult studies have shown that patients with GP often have a diet deficient
in calories, fat, protein, and several vitamins and minerals, on assessment [50]. A large
proportion of patients consumed less than 60% of their daily energy requirements [50].
Wassem S. et al. reported a pediatric retrospective cohort of 239 patients with GP, with
27% of them experiencing weight loss [41]. While no study has focused explicitly on CF
patients, there is a concern that GP will interfere with patients’ adherence to supplements
and oral medication, specifically pancreatic enzyme replacement therapy (PERT), which
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further worsens malabsorption and leads to nutritional deficiencies. As discussed in the
GERD section, frequent usage of proton pump inhibitors also puts patients at greater risk
of iron deficiency and small bowel bacterial overgrowth [51].

No specific pediatric treatment guidelines have been established for GP. GP-associated
nutritional deficiency could arise due to inability to take in adequate intake or due to
interventions required to treat GP, such as small feeds, tube feeding, and adverse effects of
medications used for GP. Diet intervention, traditionally, may start with smaller and more
frequent meals; however, it raises concern for possible insufficient caloric intake in the CF
population, especially in the younger children [31]. A few studies in infants reported that
feeding with medium-chain triglycerides and whey–hydrolysate formula improves gastric
emptying [52–54]. Prokinetic agents are often required. Macrolide antibiotics, such as
erythromycin and azithromycin, are widely used [40,55]. Amoxicillin/clavulanate, though
mainly used for small bowel bacterial overgrowth, also seems to increase gastrointestinal
motility [56]. Metoclopramide has a block-box warning by the FDA due to the risk of tardive
dyskinesia, which has limited its use; however, it is often still utilized after partnering
with patients and families regarding potential risks due to its effectiveness. Cisapride
and domperidone, though effective, are not readily available in the United States due to
increased risk of cardiac arrhythmias and death [57]. Other invasive treatment options
for medically refractory GP, including pyloroplasty or gastric electrical stimulation, are
beyond the scope of this paper and can be reviewed elsewhere [40]. Lastly, although
with risks of complications, including food aversion, tube feeding (slow nasogastric or
nasojejunal/gastrojejunal feeding) may be indicated to optimize patients’ growth in all age
groups [40].

6. Small Bowel Bacterial Overgrowth

Small intestine bacterial overgrowth (SIBO) has been reported in up to 40% of pa-
tients with CF [58,59]. Patients with CF have increased acidity of intestinal and biliary
tract secretions due to decreased bicarbonate secretion by an injured exocrine pancreas
and dysregulation of salts in biliary system due to the presence of dysfunction CFTR in
cholangiocytes. Additionally, there is a slowing of intestinal motility, obstruction from
inspissated intestinal secretions, and reduced gastric acid production, all of which can be
associated with the development of SIBO. Another thought is that SIBO in CF is secondary
to swallowed bacteria, which is higher in individuals with CF [60].

Symptoms of SIBO can overlap with gastrointestinal manifestations of CF and typically
include abdominal discomfort, flatulence, and bloating [60]. Many symptoms of SIBO can
be difficult to differentiate from abdominal symptoms in CF, so SIBO should be considered
when abdominal symptoms persist after other diagnoses are ruled out. Gold-standard
diagnosis of SIBO is with duodenal aspiration culture, although this is rarely performed
due to its invasiveness. SIBO can also be diagnosed in the general population using a
lactulose hydrogen breath test. However, as this test is not thought to be reliable in CF,
diagnosis is most often made clinically with symptoms of gas, bloating, and/or increased
steatorrhea in the setting of optimized PERT [59].

SIBO causes malnutrition through various pathogenesis, such as bacterial injury to
gut epithelium, increased bacterial consumption of host nutrients, and decreased food
intake because of abdominal discomfort [61,62]. Bacteria can directly affect gut epithelia
and is associated with villous blunting and epithelial inflammation. It leads to decreased
fatty acid production, increased gut permeability, and carbohydrate malabsorption due to
reduced absorptive surface area, bacterial sugar degradation, and impaired brush-border
enzyme activity [61,63,64]. Additionally, bacterial toxin production can directly impair
carbohydrate and protein absorption.

Bile acid deconjugation by intraluminal bacterial contributes to inadequate micelle
formation and enterocyte injury, resulting in steatorrhea and further micronutrient defi-
ciency. In the general population, deficiencies of lipid-soluble vitamins, iron, thiamine,
nicotinamide, and vitamin B12 have been found in patients with SIBO, though this has
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not yet been assessed specifically in children with CF [65]. Vitamin B12 deficiency may be
secondary to bacterial B12 consumption and direct inhibition of normal B12 absorption.
Bacteria may compete with the host consuming macronutrient and micronutrient consump-
tion, leading to fewer nutrients for absorption. Villous blunting secondary to inflammation
may also cause carbohydrate malabsorption [61].

Treatment goals include reduction in bacteria and amelioration of nutritional defi-
ciencies. Antimicrobials are the first-line treatment [1] and can include metronidazole
and rifaximin [61,66,67]. Amoxicillin/clavulanate, which can play a role in treating CF
pulmonary exacerbations, also treats SIBO by stimulating contraction of the duodenum
and increasing gut motility. One study showed that oral antibiotic therapy improves fat
absorption and digestion in patients with SIBO [68]. Laxatives such as polyethylene glycol
are another mainstay of SIBO treatment that works by increasing the excretion of bacte-
ria [25,59]. One study found that inhaled ipratropium, a medication often used to treat
pulmonary symptoms of CF, was protective against SIBO, though its anticholinergic effects
on the GI tract are thought to favor SIBO through gut stasis [60].

7. Constipation and Distal Intestinal Obstruction Syndrome

Constipation is a significant chronic issue in CF patients, with a prevalence of ap-
proximately 47% [69]. Distal intestinal obstruction syndrome (DIOS) is an acute partial or
complete obstruction with the potential for surgical intervention, with a varying incidence
that ranges from 2.3 to 11.3 per 1000 patients per year [70]. The European Society for Pae-
diatric Gastroenterology Hepatology and Nutrition (ESPHGAN) Cystic Fibrosis Working
Group has defined constipation as a gradual fecal impaction presented with either abdomi-
nal pain/distension, decreased bowel movements, or increased fecal consistency, which all
resolved after using laxatives. DIOS was defined as acute abdominal pain or distension
complicated with signs of complete or incomplete ileocecum fecal obstruction [71].

Constipation and DIOS share some common pathophysiology. They may both result
from the CFTR protein dysfunction, which may alter the intestinal fluid composition and
induce thick mucus in the small bowel, leading to the anomalous intestinal milieu, biofilm
formation, and dysbiosis.

Both are associated with a history of meconium ileus (MI) and inadequate fluid
intake [69,72]. Though dysmotility is considered to be a potential cause for DIOS, objective
motility assessments are lacking [31]. Additional risk factors for DIOS include more severe
CF genotypes, history of DIOS, pancreatic insufficiency, and cystic-fibrosis-related diabetes
(CFRD) [72]. There has been an inconsistent association between PERT with constipation
and DIOS development [73,74].

Even with well-characterized clinical symptoms by the proposed criteria, the diagnosis
remains challenging and requires careful history, physical exam, and possible imaging stud-
ies. Other differentials, such as SIBO, should be considered as significant symptom overlap.

While it is concerning that patients with chronic or recurrent abdominal symptoms
have suboptimal nutrition intake, limited studies have described no association between
constipation/DIOS and malnutrition. Lavie et al. performed a retrospective multicenter
review on 350 patients with 20 years of follow-up; there was no statistical difference of
Body Mass Index (BMI)/weight between the DIOS and control (non-DIOS) groups [75].
Mentessidou et al. conducted a 10-year retrospective review on 53 CF patients who oper-
ated on MI and found no growth impairment; however, the loss of follow-up may have
confounded the result. A prospective cross-sectional study on 105 CF children by Stefano
et al. also showed no statistical difference in malnutrition between the constipated and
non-constipated groups [76]. Studies on the relationship between nutritional outcome and
meconium ileus, an intraluminal obstruction over the distal ileum and ileocecal valve at
birth caused by viscid meconium, have shown contradictory results. A further systemic
review may help better characterize the association [77–79].

Although there is no clear evidence, exercise and appropriate fluid and fiber intake are
recommended. Inadequate PERT, including poor adherence and under-dosing, is unlikely
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to play a role in DIOS but should be assessed as part of the overall dietetic review in CF.
Proactive conservative treatment with laxatives, such as polyethylene glycol, is essential.

8. Other Gastrointestinal Enteropathies

With appropriate nutritional intervention, patients with refractory gastrointestinal
symptoms or persistent malnutrition should be referred to a gastrointestinal specialist
for further investigation, since other disorders may coexist with CF that can heavily
affect nutrition.

Celiac disease is a gluten-induced T-cell-mediated systemic autoimmune disease in
genetically predisposed populations. Celiac disease and CF share similar clinical presenta-
tions, including diarrhea, malnutrition, abdominal distension, abdominal pain, and liver
involvement. Besides being two different entities, they do coexist. The true incidence of
the coexistence is unclear, but current evidence suggests an up to three-fold increase in
celiac disease in CF patients compared to those without CF. The prevalence of both celiac
disease and CF was calculated as 1 in 2,000,000–1 in 5,900,000 [80]. A higher antigen load
from increased intestinal permeability, inflammation, and pancreatic exocrine insufficiency
secondary to CFTR dysfunction might be the leading cause [81]. Therefore, while a gluten-
free diet is the standard treatment, ivacaftor has been proposed as a possible treatment
strategy. Interestingly, there are cases found to have celiac disease while on ivacaftor [82].
Regardless, the clinician should have a high index of suspicion when patients with CF are
not improving as expected with optimal nutrition supplementation.

Whether there is an increased prevalence of coexisting inflammatory bowel disease
(IBD) remains controversial. Ongoing and persistent GI symptoms in these cases signif-
icantly contribute to decreasing ability to take adequate oral intake, as well as increased
energy losses due to malabsorption. Additionally, gluten-free diets add another layer of
barrier to food selection that could further restrict patients’ caloric intake. Patients with CF
and enteropathies also have increased metabolic demand, which contributes to persistence
of malnutrition.

9. Functional Gastrointestinal Disorders

Patients with CF have chronic abdominal pain, with 60% of children and 36% of adults
reported in a comparative study [83]. Another pilot prospective evaluation documented
around 6% of the study population has recurrent abdominal pain [84]. Visceral hypersen-
sitivity causing abdominal pain may be a plausible etiology in CF, given the presence of
CFTR in neurons [85], and functional abdominal pain disorders (FAP) should be considered
if the symptoms cannot be fully explained by another medical condition after appropriate
evaluation. Currently, the true prevalence of FAP is unknown in patients with CF.

According to ROME IV criteria, functional gastrointestinal disorders (FGIDs) include
functional nausea and vomiting disorders, functional abdominal pain disorders (FAP),
and functional defecation disorders. FAP consists of functional dyspepsia, irritable bowel
syndrome, abdominal migraine, and functional abdominal pain not otherwise specified.
Therefore, an individual’s symptoms vary and can include chest pain, heartburn, dysphagia,
dyspepsia, epigastric or other abdominal pain, emesis, and changes in stool frequency
or consistency. Chronic discomfort may cause poor appetite that compromises a child’s
nutritional status through missed meals and decreased food intake.

Pharmacological interventions include antispasmodics and mood stabilizers. Non-
pharmacological therapies consist of hypnosis, cognitive-behavioral therapy, and other
complementary therapies, such as mindfulness, and certain herbs, such as peppermint,
chamomile, and caraway [86,87]. It is critical to emphasize the support from psychology in
the care of these patients.

10. Disordered Eating

In the management of cystic fibrosis, there is a strong emphasis on high caloric and fat
diet and maintaining or gaining weight. It is unclear how these may be associated with

101



Nutrients 2022, 14, 1028

the development of eating disorders, such as anorexia nervosa and avoidant restrictive
food intake disorder (ARFID). Consequences of CF, such as delayed puberty, low body
weight, and emphasis on food management, may put these patients at risk of developing
disordered eating habits. Additionally, psychosocial factors, including the demands of
having a chronic illness, social isolation, and low self-esteem, may further increase risk of
developing eating disorders [88].

In adults with CF, it has been reported that concerns about body image increases
with declining nutritional status [89]. Disordered eating behaviors do not necessarily meet
the criteria for an eating disorder, hence early recognition can help identify patients at
risk. An eating disorder screening tool has been developed to identify disordered eating
behaviors in patients with CF, though its validity has yet to be established [90]. In the CF
population, there is an emphasis on maintaining optimal weight. Adolescent patients with
chronic illness affecting diet and emphasis on maintaining weight have an increased risk of
developing disordered eating behavior compared to their peers [91]. CF patients are no
different when it comes to the risk of disordered eating. In fact, it has been shown that
adolescents with CF have similar rates of eating disorders and self-esteem as their peers
who do not have CF [90].

Some studies have shown that megestrol acetate, cyproheptadine, dronabinol, and mir-
tazapine may be used as appetite stimulants in patients with CF and anorexia nervosa [92].
It is important to consider eating disorders in the differential diagnosis in patients with CF
who have unexplained weight loss and have risk factors for developing disordered eating
for early identification and management.

11. Cystic-Fibrosis-Related Liver Disease

Cystic-fibrosis-related liver disease (CFLD), as an independent risk factor with a mor-
tality rate of 2.5%, is the third leading cause of death in CF [93–95]. The term covers a full
spectrum of diseases, including neonatal cholestasis, elevated liver enzymes, imaging ab-
normalities, histological changes, and gallbladder and biliary tract disorders. Severe CFLD
is defined based on the presence of cirrhosis and portal hypertension [96]. The prevalence
of CFLD ranges from <5% to 68% depending on the diagnostic criteria used [97,98]. The
incidence of severe CFLD is 5–10% in the pediatric community [99,100]. Most of these
arose in the first decade of life and developed with related complications during the second
decade [95].

The pathogenesis of CFLD is not fully understood but seems to be multifactorial,
including abnormal cholangiocyte function and altered biliary secretion, abnormal protein–
protein interactions, abnormal innate inflammatory response, gut dysbiosis, genetics, and
most recently proposed, obliterative portal venopathy [101,102]. Risk factors for CFLD
include male sex, the presence of two severe mutations (loss-of-function CFTR), presence
of SERPINA 1Z allele, exocrine pancreatic insufficiency, and CFRD [95,103].

Most patients are asymptomatic, and the diagnosis is challenging given the lack of
consensus. ESPGHAN has proposed a diagnostic criterion with at least two of the following
variables: (1) hepatomegaly or splenomegaly; (2) persistently elevated liver enzymes
without other causes identified (>12 months, at least three consecutive labs); (3) abnormal
liver ultrasound findings; and (4) abnormal liver histopathology, if indicated [96]. Studies
have investigated numerous non-invasive biomarkers and imaging, hoping to predict
or assess the severity of pediatric CFLD, such as GGT, aspartate aminotransferase to
platelet ratio index (APRI), fibrosis-4 (Fib-4), liver ultrasound, transient elastography, MR
elastography, and supersonic shear-wave elastography (SSWE) [95,104–107].

Patients with CFLD, especially those with a severe phenotype, are at risk of signif-
icant malnutrition, micronutrient deficiencies and worse lung function [108]. The un-
derlying causes are complex, including but not limited to poor intake associated with
anorexia, delayed gastric emptying, and early satiety from abdominal distension (ascites,
organomegaly); increased energy expenditure; and maldigestion/malabsorption [109].
With unpredictable response with CFTR modulator therapy in CFRD, although not ab-

102



Nutrients 2022, 14, 1028

solutely contraindicated, the hepatotoxicity potential may limit its usage in this patient
population. [110,111].

Though guidelines and position papers were published, nutrition management should
involve an experienced CF dietitian in the team [96,109]. In summary, patients with CFLD
need higher daily calories up to 130 ~ 150% of the estimated requirement for age, preferably
achieved by increasing the fat’s proportion to 40–50% considering the risk of CFRD, with
supplementation in medium-chain triglycerides and polyunsaturated fatty acids. It is
essential to provide supplements to ensure adequate daily protein intake (3 g/kg/day),
pancreatic enzymes to optimize fat absorption, and micronutrients, including fat-soluble
vitamins and zinc, to prevent deficiency. Salt supplementation is common in CF patients
but should be avoided for those with cirrhosis and portal hypertension due to the risk of
developing or worsening ascites. Frequent monitoring of nutritional status is critical to
evaluate the response and prevent vitamin toxicity. Enteral tube feeding is safe and may be
indicated if the patient cannot achieve adequate intake.

12. Cystic-Fibrosis-Related Diabetes

CFRD is a common comorbidity in patients with CF and can be found in 19% of
adolescents [112]. CFRD is not commonly observed in the prepubertal population, but 2%
of children with CF have this diagnosis. Glucose abnormalities may be found in patients of
all ages, including children as young as 3 months [113], and can reflect an increased risk
of developing CFRD. Even young children with normal glucose levels had lower insulin
secretion than controls after the age of two [113].

The etiology of CFRD is thought to be at least in part secondary to thick secretions
leading to pancreatic obstruction, as well as due to progressive fibrosis and fatty infiltration
resulting in islet cell damage [114] and pancreatic exocrine dysfunction [115]. Recent
studies have found cytokine IL1-beta, which is thought to cause beta-cell apoptosis leading
to insulin insufficiency in both type 1 and type 2 diabetes mellitus, in the islet cells of
people with CFRD. Insulin insufficiency can lead to increased protein catabolism, which
can result in malnutrition and weight loss. Early identification of CFRD is important, and
the diagnostic method is similar to that of type 1 and type 2 diabetes mellitus (DM), except
for HbA1C, which can be falsely low in patients with CF [116]. Screening for CFRD is
recommended annually, starting at age 10 for all patients with CF, with a 2 hour oral glucose
tolerance test [117].

Uncontrolled CFRD and CF-related pre-diabetes can worsen pulmonary function and
have negative nutritional impacts. Studies have shown that individuals with CFRD have
lower height and weight percentiles compared to their peers without diabetes [118]. A
decline in growth velocity and weight can precede a diagnosis of CFRD [119]. Children
with CFRD who have not yet reached peak height had lower BMI percentiles than their
peers up to 2 years prior to diabetes diagnosis [120]. This phenomenon was thought
to be secondary to insulin-insufficiency-triggered catabolism rather than hyperglycemia
itself [121]. However, in patients with CF who do not have diabetes, weight loss can be
associated with higher peak glucose levels and a higher proportion of time spent with
elevated serum glucose levels [119].

Optimal glycemic control is critical in the management of CFRD, and management
may differ from that for patients with DM. This is due to different nutritional needs, as
well as a lower risk of cardiovascular disease. Rather than strict carbohydrate restriction
recommended in general DM care, people with CFRD have higher calorie, protein, fat,
and salt needs and may thus instead require careful carbohydrate counting [112,122].
In conjunction with nutritional therapies, insulin therapy is the first-line treatment to
insulin insufficiency in people with CFRD and is thought to not only improve nutritional
status but also lung function [117]. Oral diabetes agents, such as insulin secretagogues,
metformin, and thiazolidinediones are generally not recommended in CFRD [123], though
some early research suggests the insulin secretagogue repaglinide may have some utility in
the treatment of early CFRD [124]. Furthermore, oral medications may be associated with
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gastrointestinal side effects (metformin and incretin mimetic agents) and decreased bone
mineral density (thiazolidinediones) [125]. Lastly, though the role of CFTR in the beta cell
is unknown, some research has shown improved insulin response to glucose with CFTR
modulator therapy [126].

13. Renal Stone

Urolithiasis is common in adults but can also be seen in children with CF. Literature
suggests that impaired fat absorption and resultant enteric hyperoxaluria may play a role in
stone disease. Supersaturation of calcium and oxalate in the urine can lead to crystallization
and stone formation [127]. Additionally, defects in renal calcium metabolism can lead to
hypocalciuria and nephrocalcinosis [128]. One study found that enzyme supplementation
was negatively associated with the presence of hyperoxaluria, though the amount of
enzyme given did not seem to affect this [129].

The abdominal pain associated with urolithiasis can result in decreased food intake
and appetite, further affecting nutritional status. Treatment of nephrolithiasis generally
consists of hydration and analgesia. Long-term therapy can include low-oxalate diet,
optimal PERT, pyridoxine supplementation, and adequate hydration [127].

14. Micronutrient Deficiency

Patients with CF have blunted fat absorption, leading to fat-soluble vitamin deficien-
cies even in patients with adequate pancreatic enzyme replacement. It is recommended
that these vitamin levels are checked at diagnosis and annually, followed by appropriate
supplementation [130].

14.1. Vitamin A

Vitamin A is essential for immunity and epithelial cell function. Studies have shown
that up to 40% of patients with CF have Vitamin A deficiency [131]. It is crucial to remember
that Vitamin A is an acute-phase reactant, so levels measured during acute illness may
inaccurately suggest hypovitaminosis A [132]. Serum retinol is a commonly used marker of
vitamin A status, though there are no universally available standard definitions for vitamin
A deficiency. Other markers can include retinol-binding protein, as well as serum retinyl
esters. A retinol-binding protein to retinol ratio of less than 0.8 may indicate vitamin A
deficiency [133].

14.2. Vitamin D and Calcium

Vitamin D is important because it aids in calcium absorption and is critical for bone
health. Contributors to vitamin D and calcium deficiency can include low intake, gas-
trointestinal malabsorption, and increased fecal calcium loss. Compared to the general
population, children with CF have a higher prevalence of osteopenia and an increased
risk of fractures [134,135]. It is recommended that calcium be assessed routinely. Increas-
ing dietary consumption of calcium-rich foods can include dairy products, such as milk
and cheese. Intervening early with calcium and vitamin D supplementation may address
these risks.

14.3. Vitamin E

Vitamin E deficiency is a frequent finding in CF patients [136]. A compound of vitamin
E, alpha–tocopherol, helps protect the body against oxidative damage. Vitamin E is best
measured through a vitamin E to total cholesterol ratio. Vitamin E deficiency can result
in neuromuscular degeneration, cognitive deficits, and eye problems. A child’s vitamin E
requirement may increase with higher levels of oxidative stress during a pulmonary CF
exacerbation and with chronic respiratory infections.
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14.4. Iron

Children with CF are at risk of iron deficiency. Multiple contributing factors include
malabsorption, chronic inflammation or blood loss, and inadequate intake. Notably, ferritin,
which is frequently used as a marker of iron status, is an acute phase reactant and thus may
be falsely elevated in inflammatory states. Serum transferrin receptors are a good marker
of iron stores that are not affected by inflammatory states; however, it may be difficult to
test in a clinical setting. A simple marker can include checking hemoglobin and hematocrit
annually or an iron panel containing ferritin and total iron-binding capacity [3].

14.5. Zinc

Zinc deficiency is common in patients with cystic fibrosis, and PERT can assist with
zinc absorption. Symptoms of low zinc can include immunocompromise, poor growth, and
poor appetite due to hypogeusia. However, zinc deficiency may be difficult to diagnose,
as plasma zinc levels can be normal with true zinc deficiency. In patients with failure to
thrive, six months of empiric zinc supplementation may be reasonable. Additionally, zinc
can affect vitamin A, so it may be beneficial to supplement zinc in vitamin A deficiency
settings that do not respond to vitamin A supplementation alone [3].

14.6. Essential Fatty Acids

Essential fatty acids are polyunsaturated fats that can be eventually metabolized from
arachidonic acid (AA) into docosahexaenoic acid (DHA). This deficiency can be common
in patients with CF, though it is not often symptomatic. Essential fatty acid deficiency
should be considered in infants with failure to thrive. It is possible that in addition to fat
malabsorption, patients with CF may have abnormal fatty acid metabolism. It is still unclear
whether patients with CF should have supplementation with DHA, though foods rich in
linolenic acid, such as cold-water fish and vegetable oils, can be sometimes recommended.
Additionally, breastmilk contains DHA and may be beneficial for infants with CF [3,130].

15. Nutritional Impact of CF Therapy in the Era of HEMs

Patients with CF generally have lower body weight than age-matched peers. This
may be due to increased energy expenditure secondary to increased work of breathing that
leads to difficulty maintaining goal BMI. Improvements in CF management have resulted
in overall improved nutritional status. In fact, there are now four times as many patients
with CF who are overweight or obese compared to underweight [137].

Research suggests that CFTR modulators, such as elexacaftor/tezacaftor/ivacaftor,
may increase weight in CF patients [138,139]. The mechanism behind this weight gain
is thought to be multifactorial. Therapy can improve appetite, leading to increased food
intake [12]. Improved CFTR function can lead to thinned mucus secretions and better
nutrient absorption. Improved overall health may be correlated with fewer hospitaliza-
tions in which patients are required to fast. Additionally, elexacaftor/tezacaftor/ivacaftor
therapy must be taken with dietary fat, which itself can increase calorie intake. Patients
on adequate therapy may have improved respiratory function, which may correlate with
decreased energy expenditure due to decreased respiratory muscle work. Therapy has
also been associated with improved pancreatic exocrine function, which will theoretically
improve intestinal nutrient absorption and thus nutritional status.

CFTR modulators have also been associated with increased high-density lipoprotein
(HDL), low-density lipoprotein (LDL), and total cholesterol levels. This may be secondary
to reduced systemic inflammation, as triglycerides are an acute-phase reactant. Inflam-
mation and oxidative stress are linked to impaired glucose homeostasis, which may then
theoretically improve with the use of CFTR modulators. Additionally, increased insulin
secretion has been reported with CFTR modulator therapy [126].

Overall, data in adults suggest that the use of elexacaftor/tezacaftor/ivacaftor will
increase the number of individuals who are overweight. Traditionally, nutrition recommen-
dations for patients with CF who were generally undernourished and underweight in the
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past included high-fat and high-calorie diets. The Academy of Nutrition and Dietetics has
altered their nutrition recommendations for patients with CF on HEM to reflect recommen-
dations for the general population [137]. In conclusion, providers should monitor patients
on CFTR modulator therapy for signs of overnutrition at every visit.

16. Conclusions

CF is a multisystemic chronic disease with many comorbidities playing a major role
at the same time. This contributes significantly to existing nutritional challenges in this
patient group and impacts nutritional management. CF providers have started seeing
nutritional issues that are not considered typical in these patients, specifically, obesity.
Multidisciplinary care from various providers (such as pulmonologists, gastroenterologists,
nutritionists, otolaryngologists, endocrinologists) familiar with these issues is paramount
to help manage the complex nutritional needs of patients with CF. CF is one of the many
chronic diseases where the idea of co-production is truly needed, where providers, families,
and patients all work interdependently to come together to establish common goals of care
to improve care for CF patients.
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Abstract: Cystic fibrosis has historically been characterized by malnutrition, and nutrition strategies
have placed emphasis on weight gain due to its association with better pulmonary outcomes. As
treatment for this disease has significantly improved, longevity has increased and overweight and
obesity have emerged issues in this population. The effect of excess weight and adiposity on CF clini-
cal outcomes is unknown but may produce similar health consequences and obesity-related diseases
as those observed in the general population. This review examines the prevalence of overweight and
obesity in CF, the medical and psychological impact, as well as the existing evidence for treatment in
the general population and how this may be applied to people with CF. Clinicians should partner
with individuals with CF and their families to provide a personalized, interdisciplinary approach
that includes dietary modification, physical activity, and behavioral intervention. Additional research
is needed to identify the optimal strategies for preventing and addressing overweight and obesity
in CF.

Keywords: cystic fibrosis; nutrition; obesity; overweight; body composition; body mass index (BMI)

1. Introduction

Cystic Fibrosis (CF) is a rare, life-shortening multi-system organ disease that affects
30,000 people in the United States and 70,000 people worldwide [1]. Pulmonary failure is
the main cause of death in this population; the heavy involvement of the gastrointestinal
system creates significant nutritional impairments [2]. CF was initially called “Cystic
fibrosis of the pancreas” due to the aggressive involvement of the GI system [3]. Historically,
malnutrition and underweight have been the prevailing nutritional issue in people with
CF (PwCF). Nutritional status has long been defined by body mass index (BMI) in this
patient population due to epidemiological evidence that BMI is closely correlated with lung
function and, ultimately, survival. Due to the positive correlation between BMI and lung
function, the Cystic Fibrosis Foundation (CFF) has set BMI goals of at or above the 50th
percentile for children and 22 kg/m2 or higher for adult females and 23 kg/m2 or higher
for adult males with CF [4]. For this reason, and due to the history of malnutrition with CF,
most nutrition interventions have focused on increasing BMI. A high-calorie, high-protein,
high-fat diet is recommended for most PwCF, along with oral supplements and sometimes
supplemental enteral feeds to help patients achieve the BMI goals associated with the best
health outcomes [5]. Aggressive nutrition support has been recommended in pediatric
patients with CF to avoid/prevent malnutrition, and to promote catch up growth. Moreover,
adequate nutritional status has been associated with reduced pulmonary exacerbations
and improved lung function [6].
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However, overweight and obesity have emerged as an important issue in the CF
population due to advancements in therapy and increased longevity, especially in recent
years with the introduction of CF transmembrane conductance regulator (CFTR) modu-
lator therapies [7–10]. There are limited data on overweight and obesity in CF, and few
studies related to the impact of obesity on clinical outcomes in CF. The purpose of this
review is to critically examine the literature on overweight and obesity in CF, and to make
recommendations for clinical practice and future research in this area.

2. Overweight and Obesity in Cystic Fibrosis

BMI has been used to define overweight and obesity, with overweight classified
as a BMI 25–29.9 kg/m2 and obesity as BMI of ≥30 kg/m2 in adults. In children, BMI
percentiles are used to measure growth and 85–95th percentile indicates overweight with
>95th percentile indicating obesity in children [11]. In the United States, 42.2% of adults
are obese, with 9% being severely obese [12]. The prevalence of childhood obesity in
the U.S. is 19.3% [13]. Obesity is associated with the development of many chronic and
potentially life-threatening health conditions such as heart disease, cancer, and diabetes
and virtually every organ system can be adversely affected by obesity. The medical cost
associated with obesity is estimated to be USD 149 billion, making it both a serious public
health crisis and economic issue in the general population [14]. While malnutrition has
been the primary issue in CF due to increased work of breathing and malabsorption,
obesity and overweight are becoming a growing concern [15]. Dyslipidemia and insulin
resistance have been observed in the CF population; it is unknown how these factors affect
risk for development of heart disease and diabetes, and how obesity may affect risk for
development of comorbidities in CF due to the life-shortening nature of this disease [16–18].

Nutritional status has largely been defined by BMI in the CF population due to
associations between BMI and pulmonary disease. Given the changing landscape of
nutritional status in PwCF and the rise in overweight and obesity, body composition as a
predictor of pulmonary and clinical outcomes has also become an area of interest. Further
examination of body composition is merited given that the World Health Organization
defines obesity as “an abnormal or excessive accumulation of fat that poses a risk to
health” [19]. Research on obesity and body composition in the general population has
demonstrated that body fat distribution, particularly increased upper body fat, visceral
fat, and intramuscular fat, are important predictors of metabolic consequences commonly
associated with obesity [20]. Evidence suggests that PwCF tend to have lower fat-free mass
than healthy controls [21–27] and that lower fat-free mass is associated with lower lung
function in CF [21,23,28–31]. Other body composition abnormalities including ectopic fat
deposition with fatty replacement of the pancreas, central adiposity, visceral adiposity, and
normal weight obesity have been observed in CF [28,29,32–35]. Few studies have explored
the implications of increased abdominal fat and visceral fat specific to CF; however, one
cross-sectional study of adults with CF found that high levels of visceral fat in CF were
associated with decreased insulin sensitivity [36]. While associations between some clinical
outcomes and body composition exist in the literature, more studies are needed to ascertain
the role of body composition in nutritional assessment, and other clinical aspects of CF
treatment including the management of overweight and obesity.

2.1. Prevalence

Several studies have assessed the prevalence of overweight and obesity in CF. A CF
center-specific cross-sectional study in children at the Pittsburg CF Center found an in-
creased rate of overweight and obesity in children with CF, with 15% of children qualifying
as overweight and 8% of children were obese, based on BMI percentile [15]. Interestingly,
50% of the overweight children and 20% of the obese children suffered from malabsorption
caused by CF-associated exocrine pancreatic insufficiency [15]. A recent single center study
conducted in the Minnesota adult CF center found that >30% of patients were overweight
or obese between the years of 2015–2017 [37]. A longitudinal analysis of the U.S. CF Foun-
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dation Patient Registry indicates that the prevalence of overweight and obesity increased
over the past 20 years in both children and adults with CF. Between the years of 1998 and
2017, the percentage of overweight increased from 7% to 16% and the proportion of obese
patients increased from 2% to 6%, which was noted to be a 345% increase in the number
of PwCF who are obese due to CF population increase in the registry [38]. Increased over-
weight and obesity has also been observed in the UK CF population, and in a CF genotype
typically associated with pancreatic insufficiency. An analysis of UK CF registry data for the
year of 2002 attempted to determine the prevalence of overweight and obesity in children
and adults with the most common CF mutation, DeltaF508 homozygous. Results indicated
that 9% of PwCF and the DeltaF508 homozygous genetic mutation were overweight and
1% were obese [39]. While rates seem low compared to the obesity prevalence in the general
population, this is significant because overweight and obesity are not expected in patients
who are homozygous for DeltaF508 as this genotype has historically been associated with
more severe nutritional deficiencies [40]. A cross-sectional observational study of 68 adults
and children with CF in a Greek CF center found that 13.2% of patients with CF were either
overweight or obese [35]. Analysis of a single CF center in Spain found that 6% of children
with CF were overweight and 1% were obese, and that overweight/obese status did not
provide improved pulmonary function [18]. Likewise, in Italy, a single site study of adults
with CF found that 22% were either overweight or obese [41]. In addition to cross-sectional
studies found in the literature, a longitudinal cohort study in Toronto of 909 adults with
CF and that found that the percentage of overweight and obese CF patients increased
from 7% to 18.4% between 1985 and 2011, similar to trends observed in the U.S. CF Patient
Registry [8,38]. Prevalence of overweight and obesity in CF from cross-sectional and longi-
tudinal studies in international CF samples is presented in Table 1. Given early data from
weight gain on new CFTR modulators that are available to 90% of the CF population, we
can expect these numbers to rise even further [9,42–44].

Table 1. Studies examining prevalence of overweight and obesity in CF.

Reference Population N % Overweight % Obese

Flume et al., 2019 [38] United States CF Registry Data,
Age ≥ 2 years

42,988 across study
duration from

1998–2017
16% in 2017 6% in 2017

González Jiménez et al., 2017 [18] Spain, 12 hospitals
Age 4–57 years 451 6% 1%

Gramegna et al., 2021 [41]
Italian, multi-center

Adults
Age 32–45 years

321 20% 2%

Hanna et al., 2015 [15]
United States, single CF Center

Children
Age 2–18

226 15% 8%

Harindhanavudhi et al., 2020 [37]
United States, single CF Center,

Minnesota
Adults

484 25.6% 6.6%

Kastner-Cole et al., 2005 [39]

United Kingdom CF
Registry Data

Adults and children with
F508del mutation

1869 children
1181 adults

9% in adults
and children

1% in adults
and children

Panagopoulou et al., 2014 [35] Greece, single CF Center
Age 2–38 years 68 6% 7%

Stephenson et al., 2013 [8] Toronto single CF Center
Adults 651 18.4% 3.3%

White et al., 2015 [45] Australia, children from
16 inpatient hospitals 832 8.8% 9.9%
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2.2. Etiology
2.2.1. Genetics

Multiple factors may contribute to the decreasing proportion of malnutrition and
increasing prevalence of overweight and obesity in CF. There is evidence to suggest that
some people are genetically predisposed to development of overweight and obesity [46]. In
the CF population, some studies have found that obesity occurs more frequently in patients
with less severe genetic mutations and patients who are pancreatic sufficient [8,39]. A US
CF Registry-based study conducted by Flume and colleagues found that the prevalence
of obesity was higher among individuals with CF who had class IV or class V CF causing
genetic mutations, which are typically less severe mutations. However, a recent single CF
center study in Minnesota found that overweight and obesity were present even in patients
with genotypes associated with more severe disease [37], and a UK CF Registry-based
study found that overweight and obesity were present in patients homozygous for F508del,
which is known to present a more severe phenotype and is associated with pancreatic
insufficiency [39].

2.2.2. Dietary Causes

The unrestricted high-calorie, high-fat diet that is often called the “legacy CF diet”
likely contributes to positive energy balance that promotes excessive weight gain. PwCF
have long been advised and behaviorally conditioned to consume an unrestricted high-
calorie diet with an emphasis on weight gain since childhood and have received vastly
different messaging around nutrition than the general population [4]. Indeed, studies of
diet quality in children with CF have shown intake high in saturated fat, trans fat, and total
calories but low in nutrient-dense foods such as fruits and vegetables [47]. A similar pattern
has been observed in adults with CF in a cross-sectional study that demonstrated intake
high in added sugars, refined grains, trans-fatty acids, and low intakes of whole grains
and dietary fiber [36]. Further, poor diet quality was associated with high levels of visceral
adipose tissue in this study [36]. Until recently, CF nutrition guidelines recommended
an unrestricted high-calorie diet, with little focus on nutrient density or diet quality. As
clinical care and treatments for CF have improved over the past decade, the high-calorie
CF diet may have had led to positive energy balance and excessive weight gain in a subset
of PwCF. Extended life expectancy is prompting a focus on diet quality to promote optimal
health outcomes and prevention of other chronic lifestyle diseases in CF.

2.2.3. CFTR Modulator Therapy

Highly effective drugs that treat CF at the cellular level, known as CFTR modulators,
are now available for up to 90% of the population with CF. CFTR modulators have been
shown to improve pulmonary function, quality of life, and in some cases, cause weight
gain and increase BMI. A recent systematic review concluded that the effect of CFTR mod-
ulators on anthropometric measurements is dependent on genetic mutation and modulator
formulation [48]. Ivacaftor, the first CFTR modulator approved, was available to roughly
6% of the CF population who have gating mutations and was shown to increase weight
and linear growth in children with CF [49–51]. In a long-term study of the clinical effects of
ivacaftor, Guimbellot et al. observed that the proportion of overweight increased from 16%
to 25% in adults and from 9% to 18% in pediatric patients over 5.5 years on the drug [10].
The rate of obesity remained stable in pediatric patients but increased slightly from 8% to
11% in adults [10]. A new highly effective CFTR modulator, elexacaftor-tezacaftor-ivacaftor
(ETI), is now available to up to 90% of the CF population and has been shown to increase
BMI in adolescents and adults with CF by 0.9–1.1 kg/m2 in phase III clinical trials [43,44].
A single-center retrospective study recently confirmed weight gain in adults on ETI in the
real-world setting, with an average BMI increase of 1.5 kg/m2 after 12 months on ETI [9].

Few studies have explored mechanisms of weight gain on CFTR modulators, but
decreased resting energy expenditure, increased caloric intake, and improved intestinal
absorption are postulated to play a role in adults with gating mutations taking ivacaftor
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only [52]. One study of dietary changes on ivacaftor demonstrated that American par-
ticipants increased their fat intake significantly, while Italian participants increased both
total calorie and fat intake while taking ivacaftor [53]. This may be due to drug package
instructions that advise patients to take the drug with “a fat containing food” twice per day
while the quantity of fat that should be consumed for optimal drug efficacy is unknown.
Some evidence also indicates that children with CF who took ivacaftor showed improve-
ment, and in some cases, reversal of exocrine pancreatic insufficiency [54–56]. Improved
pancreatic function likely plays a role in weight gain in children who take ivacaftor.

It is important to understand whether weight gain on CFTR modulators is due to
fat mass or lean body mass accrual. There are little data on body composition changes
on CFTR modulators, but one study of adults who took ivacaftor found an increase in
both fat mass and fat-free mass as measured by DEXA after 3 months on the drug [52].
Another study found an increase in fat mass using bioelectrical impedance analysis after
28 days on ivacaftor [57]. In a long-term open label extension study of ivacaftor, King et al.
found that both weight and fat mass significantly increased after 6 months of treatment
and, at two years on the drug, 64% of weight gained was fat mass. Additionally, 25% of
participants were classified as overweight and 10% were obese by the end of the two-year
study [58]. More studies of longer duration are needed to examine body composition and
fat distribution changes on CFTR modulators in the setting of unintended weight gain and
the development of overweight and obesity on these drugs.

2.2.4. Social Determinants of Health

Social determinants of health are defined as environmental conditions that affect health
and quality of life outcomes and risks [59]. Limited access to healthy food correlates with
other unmet needs that indicate poverty. Poverty and food insecurity are both associated
with obesity in the general population [60,61]. Health disparities related to poverty or low
socioeconomic status (SES) have been documented in CF and affect survival, CF-related
clinical outcomes, and access to optimal healthcare for CF [62–64]. Low SES is associated
with obesity in the general population but socioeconomic factor contributions to overweight
and obesity in the CF population have not been explored. Food insecurity and limited
access to healthy food could increase risk for overweight and obesity in the population due
to reliance on high-calorie convenience foods that lack nutrient density. Additionally, PwCF
spend an average of 2–3 h per day on a complex medical treatment regimen, which leaves
little time for healthy meal planning, particularly in the setting of food insecurity that limits
access to healthy food. It is reasonable to suspect that a similar association between obesity
and poverty and food insecurity observed in the general population may exist in CF, but
national CF Registry-based studies are needed to understand the role of social determinants
of health in the development of overweight and obesity in the CF population. Additional
research could provide data to create targeted interventions to prevent over-nutrition in
subsets of the CF population experiencing socioeconomic hardship.

3. Consequences of Overweight and Obesity in Cystic Fibrosis

3.1. Lung Function

There is a strong positive association between BMI and lung function in the CF popu-
lation [2]. A large Canadian CF Registry analysis found that while overweight and obesity
were associated with an increase in lung function, the magnitude of the increase was signif-
icantly less in the obese group than in the adequate-weight reference group [8]. Emerging
evidence suggests that overweight and obesity may not provide benefit with respect to
pulmonary function and could even be detrimental. In a single-center cross-sectional study
conducted by Hanna et al., no associations were observed with overweight/obese status
and lung function, prompting the authors to conclude that overweight and/or obesity does
not confer pulmonary benefits in CF [15]. Several other studies examining prevalence and
outcomes of obesity in CF have found that overweight and obesity were not protective
with respect to lung function [8,15,18,65]. Additionally, emerging evidence suggests that in
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children with CF who are pancreatic sufficient, a BMI > 85th percentile has a detrimental
effect on pulmonary function [66]. Large national registry-based studies are needed to
determine longitudinal associations between higher BMI and pulmonary outcomes in the
CF population.

3.2. Cardiometabolic Parameters

Few studies have addressed the effect of obesity on other comorbidities in CF. Shorter
life expectancy has typically not allowed for patients with CF to live to the age where
obesity-associated comorbidities such as heart disease, cancer, and type 2 diabetes would
emerge. Additionally, at least one study estimates that up to 50% of adults with CF
develop CF-related diabetes, which is a unique disease entity distinct from both type 1
and type 2 diabetes, but with features of both insulin deficiency and insulin resistance [16].
The endocrine abnormalities inherent to CF make understanding the association between
obesity and development of diabetes more difficult to assess in this population. However,
a cross-sectional study by Coderre and colleagues found that 13% of adults with CF had
a BMI > 25 kg/m2 and these overweight/obese patients had higher fasting insulin, total
cholesterol, and LDL cholesterol than patients with CF at lower BMI. They also found
that LDL cholesterol and insulin area under the curve were associated with lower lung
function [67]. In a comparison of underweight, normal weight, and overweight PwCF
to determine differences in insulin levels, insulin response, and prevalence of diabetes,
5.5% of patients were overweight and overweight patients had higher fasting insulin,
higher insulin resistance (HOMA-IR), and higher insulin levels during an oral glucose
tolerance test [65]. Authors concluded that overweight patients with CF may be at increased
risk for the development of diabetes [65]. Dyslipidemia has also been observed in the CF
population and studies have found a positive association between total cholesterol and
triglyceride levels and BMI in the CF population [8,67–70]. In a recent study, ETI was shown
to increase total cholesterol, HDL, and LDL in adult patients with CF-related diabetes. The
implications of dyslipidemia in PwCF are not clear, and the role of dietary intervention
in CF dyslipidemia is unknown [9]. More longitudinal research is needed to understand
the association between overweight and obesity in CF and how this affects risk for the
development of diabetes and cardiovascular disease.

3.3. Lung Transplantation

Lung transplantation is a treatment option for end-stage pulmonary diseases including
CF. Large database evidence suggests that both malnutrition and overweight are associated
with increased risk of death following a lung transplant. Currently, class II or III obesity
(BMI ≥ 35 kg/m2) is considered an absolute contraindication to lung transplant, and class
I obesity (BMI 30–34.9 kg/m2) is considered a relative contraindication. In a recent study of
546 lung transplant patients, patients who were overweight or obese had a significantly
higher mortality rate. Of note, only two of the patients who had CF were overweight and
none were obese. More research is needed to understand how overweight and obesity
affect lung transplant outcomes in CF, and assessing body fat distribution may be especially
important as abdominal and visceral fat can play a role in restrictive lung disease [71].

3.4. Weight Stigma and Psychological Consequences

Obesity is common in the general population but is a highly stigmatized condition
in many settings including the medical environment. Evidence suggests that people
with obesity experience prejudice, derogatory comments, and that in some cases, health
care professionals hold negative perceptions of patients who are overweight or obese.
Patient experience of weight stigma can also lead to increased stress and subsequent
avoidance of clinical care [72]. A recent systematic review of the impact of weight stigma in
overweight and obese individuals found that weight stigma was positively associated with
cortisol levels, diabetes risk, eating disturbances, depression, anxiety, body image issues,
and was negatively associated with self-esteem [73]. In the general population, weight
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stigma has been associated with decreased motivation to change eating patterns and less
healthy eating behaviors, which could lead to negative health consequences [74]. While
there are no studies related to weight stigma in overweight and obese PwCF, there is a
growing body of evidence related to body image disturbances and even eating disorders
in this population [75–77]. Clinicians should therefore take a sensitive and empathetic
approach when having discussions about overweight and obesity, and be cognizant of
the psychological consequences of weight stigma. Additionally, it would be beneficial to
include the CF team social worker and/or psychologist early on in the care of these patients
to address the mental health impact of overweight and obesity.

4. Treatment Strategies

Management of overweight and obesity in the general population typically involves
weight loss given evidence that a reduction of 5–10% body weight can reduce the risk
of cardiovascular disease, improve lipid panels, decrease blood pressure, and decrease
risk of diabetes [78,79]. Even a sustained weight reduction of as little as 3–5% has been
associated with some positive health benefits and reduced health risk [80]. Weight loss in
overweight and obesity can be effectively achieved by creating negative energy balance
through dietary modification to reduce energy intake paired with physical activity to
increase energy expenditure, and supported by behavioral counseling to facilitate lifestyle
change [81,82]. Studies show that this approach can produce a 3–5% body weight loss
that is associated with an improvement in health parameters [83]. Other markers of health
can include cardiometabolic parameters such as lipid panels, blood pressure, diet quality,
eating behaviors, hemoglobin A1c (in diabetic patients), body composition parameters, and
quality of life. When lifestyle modification is unsuccessful, medication and even surgical
management may be necessary.

To our knowledge, no studies exist regarding treatment strategies for overweight
and obesity in in CF. Studies conducted thus far suggest some associations between over-
weight/obesity and comorbidities in CF, worse lung transplant outcomes, dyslipidemia,
and increased diabetes risk with higher fasting insulin levels. Therefore, further work is
needed to better understand the etiology, consequences, and treatment and prevention
strategies for PwCF who are overweight and obese. It is important to have a full evaluation
by all members of the multidisciplinary CF care team when a patient has unintended weight
gain that results in overweight or obesity. Causes of weight gain such as medications and
other disease processes should be ruled out before pursuing interventions for overweight
and obesity management. While research is conducted to identify the optimal approach to
overweight and obesity in CF, it is reasonable to utilize evidence-based methods for the
general population presented in this section.

4.1. Dietary Intake Recommendations

The CF Foundation has not formally updated CF Nutrition Guidelines since obesity
and overweight emerged as a significant issue or since highly effective CFTR modulators
recently became available for most of the CF population. However, several organizations
have created evidence-based guidelines in recent years, which are presented in Table 2.
Most recently, the Academy of Nutrition and Dietetics (AND) published guidance based
on a systematic review that suggests that there is no evidence to support that PwCF have
any benefit from consuming a dietary pattern outside of what is recommended for the
general population [84]. This guideline also emphasizes just as some patients with CF
experience under-nutrition, some patients may require caloric reduction with a focus on
improving diet quality given that undesired weight gain, overweight, and obesity have
been reported in a subset of the CF population, especially with CFTR modulator use.
Both the Australia and New Zealand CF Nutrition Guideline and the AND CF Nutrition
Guideline emphasize taking an individualized approach to nutrition care based on patients’
genetic mutations, clinical status, laboratory values, personal health goals, nutrition status,
culture, and food preferences [84,85]. The AND guideline suggests a diet rich in whole
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grains, fruits, vegetables, seafood, legumes, lean protein, nuts and beans, and low-fat
dairy as these foods have been associated with positive health outcomes in the general
population [84].

Table 2. Summary of cystic fibrosis nutrition guidelines.

Guideline Reference Total Calorie Intake Macro-Nutrient Balance Overweight/Obesity

Cystic Fibrosis
Foundation, 2008 [4]

110–120% of
estimated energy

requirements for general
population

35–40% of calories from fat
40–45% of calories from carb
20% of calories from protein

N/A

ESPGAN, 2016 [86]
110–120% of energy

requirements for same age
healthy children and adults

20% of calories from protein;
notes lack of evidence for

recommending
macro-balance

“We suggest adjusting energy intake
upward to achieve normal growth

and nutritional status while
avoiding obesity” [86]

Thoracic Society of
Australia New Zealand,

2018 [85]

110–200% of the
population-based energy

requirements
emphasizing frequent RD

assessment and
individualized energy

intake goals

Upper limit of 25% of
calories from protein

High BMI in Pediatrics:
Overweight: BMI 85th to <95th BMI

Obese: >95th percentile
High BMI in Adults: ≥27 kg/m2

AND/OR unintentional weight gain
from previously acceptable

BMI of >5 kg within a year [85]

Academy of Nutrition and
Dietetics CF Nutrition
Guideline, 2020 [84]

110–200% of the
population-based energy

requirements
emphasizing RD frequent

assessment and
individualized energy

intake goals

“Macronutrients in same
percentage distribution as is
recommended for the typical,
age-matched population”

“For individuals with CF who are
overweight or obese, it is reasonable for
the RDN or international equivalent to

advise an age-appropriate diet that
emphasizes foods associated with

positive health outcomes in the general
population, with energy needs adjusted
to achieve or maintain normal growth

(pediatrics) or BMI status (adults).” [84]

In the general population, a deficit of 500 calories per day can produce weight loss
of one pound per week [87]. Negative energy balance may be achieved through diet
alone or through a combination of diet and exercise. Evidence suggests that a variety of
dietary patterns can be effective for calorie reduction including low carbohydrate, low
fat, portion control, and the Mediterranean diet pattern with calorie restriction [81,82,88].
Other dietary trends for weight loss are gaining popularity in the general population,
including time-restricted plans such as intermittent fasting; however, there is currently no
evidence to suggest efficacy in the CF population. Given that the best predictor of weight
loss is adherence to a chosen dietary plan, it is important to select the diet best suited
for the individual in order to promote the sustainability of dietary patterns and lifestyle
changes [89]. PwCF have been counseled to eat a high-calorie diet since early childhood, so
clinicians should recognize that shifting a dietary intake will take time and often trial and
error to find the pattern that works best for each individual. Small incremental changes
may be useful to build confidence and avoid overwhelming patients [90]. Table 3 presents
suggestions for modifications to the legacy CF diet adapted from the Academy of Nutrition
and Dietetics Evidence Based Guideline for Nutrition in Cystic Fibrosis and the Dietary
Guidelines for Americans with the goal of reducing calories and increasing nutrient dense
foods and foods known to promote health and reduce the risk of chronic disease.
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Table 3. Dietary modifications for a generally healthful eating pattern.

Food Group Recommended Foods Foods to Consider Reducing

Carbohydrates

Whole grains (at least half of grains
should be whole grains).
• Whole wheat bread, buns, rolls,

tortillas, and crackers
• Whole wheat pasta
• Brown rice
• Wild rice
• Quinoa
• Oats
• Barley
• Whole grain cereals

Refined Grains
• White breads
• White rice
• Biscuits
• Cakes
Added sugars
• Soda
• Sweetened Coffee and tea
• Fruit drink and lemonade
• Many breakfast cereals
• Granola bars
• Deserts and candy

Fats

Unsaturated Fats
• Vegetable oils
• Nuts, nut butters
• Fish
• Avocado

Saturated fats
• Butter and stick margarine
• Heavy Cream
• Cream cheese

Protein

Lean Meats
• Poultry
• Eggs
• Beans, peas, lentils
• Seafood
• Soy products
• Nuts and Seeds

Fatty meats
• Beef ribs
• Sausage
• Processed meats
• Fried meats

Fruits

Whole Fruits
• Berries
• Melons
• Citrus Fruits (oranges,

grapefruit, limes)
• Other fruits (apples, banana,

pears, apricot, etc.)

Juices that are not 100% fruit juice

Vegetables

Vegetables of all types including
• Dark green vegetables (spinach,

kale, broccoli)
• Red and Orange vegetables

(peppers, squash, carrots)
• Starchy vegetables (potatoes, corn,

yucca, jicama)
• Beans, peas, lentils
• Other vegetables (sprouts, cauliflower,

asparagus, eggplant, etc.)

Fried vegetables

Dairy

Fat-free low-fat dairy
• Skim milk
• 1% (low fat) milk
• Low-fat or fat-free yogurt
• Cheeses
• Non-dairy alternatives such as

soy milk

Full-fat dairy:
• Whole milk
• Full-fat yogurt
• Full-fat cheeses

Additional resources on following for healthful diet plan:
www.choosemyplate.gov (accessed on 14 December 2021)

www.dietaryguidelines.gov (accessed on 14 December 2021)
Adapted from data found in Academy of Nutrition and Dietetics CF Nutrition Guidelines and the Dietary
Guidelines for Americans.

In considering dietary change recommendations for PwCF as overweight and obesity
emerge, it should be noted that malnutrition still exists in subsets of the CF population,
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particularly in those who are not eligible to take CFTR modulators due to their genetic
mutations and in patients with advanced lung disease. PwCF who also experience malnu-
trition will likely continue to require a nutrient-dense high-calorie diet to optimize nutrition
status. The broad spectrum of nutrition status observed in CF currently highlights the
need for highly individualized nutrition therapy. The CF Care Team Registered Dietitian
should work carefully with patients in co-producing customized nutrition care plans to
help patients meet personal goals and optimize health outcomes, based on individual
clinical status, cultural considerations, and food preferences. Emphasis should also be
placed on screening for food insecurity and other social determinants of health that could
impact patient’s ability to afford healthy foods. Registered Dietitians can assist patients
in planning healthful meals and eating patterns that are affordable and should work in
tandem with the CF Social Worker and other care team members to provide resources to
improve food access for patients experiencing food insecurity.

4.2. Physical Activity

While diet is a crucial element in the management of overweight and obesity, a
multidisciplinary lifestyle intervention is recommended [91]. Exercise is an important
component of comprehensive lifestyle plans to treat overweight, obesity, and associated
comorbidities. Regular physical activity has been shown to assist in creating negative
energy balance for weight loss and improve cardiometabolic risk factors [92]. In the
general population, it is recommended to participate in 150 min per week of moderate
physical activity or 75 min per week of vigorous activity. To promote weight loss in the
absence of dietary changes, 225–420 min of exercise is recommended. However, physical
activity paired with reduced caloric intake is recommended as this strategy is more likely
to promote weight loss [93]. Research has also consistently demonstrated that physical
activity is necessary for weight loss maintenance in the general population [80]. Aside
from weight loss, regular physical activity is associated with reduced risk of cardiovascular
disease and diabetes in obese individuals, independent of weight loss [92]. In the CF
population, physical activity, particularly strength training, is an important component
of exercise plans in order to promote preservation and accrual of lean body mass [94],
which is associated with improved pulmonary function in this population. Additionally,
exercise in CF also provides additional benefits beyond weight management, including
increased aerobic and pulmonary capacity and airway clearance [95]. Further, exercise can
provide mental health benefits that could combat anxiety and depression associated with
overweight and obesity [96]. The CF Care Team Physical Therapist is an invaluable resource
in creating customized exercise plans to help patients meet their personal health, weight,
and body composition goals and that synergize with the nutrition care plans provided by
Registered Dietitians.

4.3. Behavioral Interventions

Comprehensive lifestyle interventions for overweight and obesity include dietary
intervention, physical activity, and behavioral approaches to lifestyle change [97]. A sys-
tematic review that defined successful weight loss interventions for obesity as ≥5% initial
body weight loss maintained at 12 months found that 92% of successful interventions
included a behavioral component [82]. Intensive behavioral therapy (IBT) for obesity that
includes nutritional guidance and exercise has been shown to produce significant weight
loss, lower blood glucose levels, decrease waist circumference, and decrease blood pressure.
Additionally, IBT decreased the development of diabetes by 50% in patients who had
elevated blood glucose at baseline [98]. Many behavioral change theories, models, and
strategies provide an evidence-based approach to changing behaviors related to energy
balance in the treatment of overweight and obesity. Cognitive behavioral therapy (CBT)
and motivational interviewing (MI) are two modalities of behavioral change that have been
used with success in obesity treatment [81,99]. CBT involves such skills as self-monitoring,
goal setting, problem solving, and stimulus control [81]. MI is an approach that emphasizes
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partnership for a client-driven lifestyle change intervention [100]. Many different behavior
change models exist and a variety of combinations of behavioral techniques and strategies
can be used to facilitate behavior change.

The intensity of the comprehensive lifestyle intervention seems to have an impact on
the efficacy of behavioral interventions for the management of overweight and obesity.
Research has shown that 14 sessions in a 6-month time frame led to more weight loss than
a less frequent intervention of 12 or less sessions in 6 months [97]. It should be noted that
most patients with CF see their care team in the clinic once every 3 months, and that more
frequent multidisciplinary visits that provide comprehensive lifestyle intervention-focused
on management of overweight and obesity may be warranted. Telehealth and home-based
interdisciplinary lifestyle interventions may be an option for increasing frequency of visits
centered around treatment of overweight and obesity, particularly for patients who live far
away from their CF care centers.

Successful behavioral interventions targeting BMI in children with CF have been
conducted, although these interventions are typically focused on normalizing growth and
promoting weight gain. These interventions in the pediatric CF population have involved,
with strong parental support and participation, implementing a behavioral intervention in
combination with nutrition education, and this has been found to be more effective than
nutrition education alone [101]. These behavioral nutrition interventions focus on positive
reinforcement and promoting positive mealtime behaviors to prevent growth decline in
children with CF. It is possible that these behavioral intervention strategies could potentially
be used to prevent the development of overweight and obesity in children with CF.

Only one behavioral nutrition intervention conducted in adults with CF was identified
in the review of the literature. This randomized controlled trial was a Social Cognitive
Theory home-based behavioral intervention called “Eat Well with CF” and had a duration
of 10 weeks. While this intervention was successful in improving self-efficacy scores related
to nutritional self-management, there was no significant change in BMI or quality of life at
the end of the intervention [102]. Self-efficacy is believed to be crucial for facilitating and
maintaining behavioral changes [100]. While this intervention did not produce a significant
change in BMI, it is possible that the improvement in self-efficacy could be an early indicator
of behavioral change, especially given the short duration of the intervention [102]. It is
also possible that early changes in body composition occurred but were not captured by
measuring BMI only. Home-based behavioral interventions that involve both nutrition and
physical activity components could be an avenue for increasing the frequency and intensity
of multidisciplinary weight management interventions, especially given that telehealth is
growing in popularity, with several studies documenting a high level of patient satisfaction
and positive experience of telehealth care in CF [103,104].

4.4. Weight-Neutral Approaches

While weight loss is the most common goal in the treatment of overweight and obesity
due to associations with improved cardiometabolic outcomes, it is unknown if the benefits
associated with a 5–10% body weight loss in the general population translate to PwCF.
Given that normal weight obesity and lean body mass depletion have been documented
in CF [29], it is unclear if weight loss interventions for overweight and obese individuals
with CF will result in predominantly fat loss and could cause further reduction in lean
body mass stores. Body image issues and eating disorders have been documented in CF,
and this population deals with an intense focus on weight patterns and BMI throughout
their lifespan, due to the association between BMI and pulmonary function and guideline
recommendations based on BMI and growth [77]. There is also some evidence that sug-
gests that the influence of eating experiences in childhood are sustained into adulthood in
CF [99]. For these reasons, some individuals may instead prefer to focus on other markers
of health as outcomes, rather than weight, when designing a plan to address overweight or
obesity and related health consequences. The Health at Every Size® (HAES®) approach is a
weight-inclusive model that focuses on improving physical, behavioral, and psychologi-
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cal parameters rather than promoting weight loss. This method also places emphasis on
body acceptance and improving the individual’s relationship with food [105,106]. HAES®

has been gaining popularity in the general population and has been studied regarding
overweight and obesity. A recent systematic review of randomized controlled trials in over-
weight and obese individuals found that the HAES® approach is associated with improved
quality of life, improved cardiovascular endpoints, increased physical activity, reduction
in disordered eating, reduction in binging as well as improved diet quality [107]. Despite
the weight-neutral approach utilized, some studies have demonstrated reduction in BMI,
waist circumference, and fat loss as a result of the HAES® interventions [108]. While there
are no data on the efficacy of HAES® in CF, clinicians should be aware of this approach as
individuals with CF who have a history of body image disturbances or disordered eating
may prefer a weight-neutral approach to addressing the health consequences associated
with the development of overweight and obesity. More research is needed on compre-
hensive health behavior interventions, including weight-neutral approaches to improve
cardiometabolic outcomes and quality of life in the CF population.

4.5. Medical and Surgical Treatment

When lifestyle approaches are ineffective, pharmacological approaches are recom-
mended to treat overweight and obesity in the general population when BMI is >30 kg/m2

or >27 kg/m2 with comorbid conditions in adults [109]. Several drugs are approved by the
FDA to treat obesity and include orlistat, lorcaserin, liraglutide, topiramate/phentermine,
naltrexone/bupropion, and newly approved semaglutide [110]. In addition, prescription
appetite suppressants are available and include phentermine, benzphetamine, diethyl-
propion, and phendimetrazine. It should be noted that appetite suppressants are only
approved for short-term use of 12 weeks or less in the general population. Orlistat, Li-
raglutide, and setmelanotide are the only drugs approved for use in adolescents. However,
setmelanotide is only approved for three specific rare genetic conditions which do not
include CF. None of these drugs have been studied in CF and their use should be carefully
considered by the medical team, weighing the risks and benefits with patients and their
families. Of note, use of Orlistat may not be ideal in PwCF who also have pancreatic
insufficiency as this could compound malabsorption and lead to vitamin and essential fatty
deficiencies in this population that is already at high risk of micronutrient deficiencies.

A variety of bariatric procedures are available for the management of obesity and
include surgical (gastric bypass, gastric banding, sleeve gastrectomy) and non-surgical
(intragastric-balloon) options. Bariatric procedures are considered in the general population
when BMI is ≥40 kg/m2 or BMI ≥ 35 kg/m2 with one or more severe obesity-related
complications that can be improved with weight loss [109]. There currently is no evidence
on outcomes regarding bariatric procedures to treat obesity in CF, and this could lead to
micronutrient deficiencies and worsened gastrointestinal issues, particularly in patients
who have exocrine pancreatic insufficiency. Given what is known about nutrition risk in the
CF population, bariatric surgery may not be an ideal option for PwCF until more evidence
is available.

5. Discussion

Nutrition status as measured by BMI is closely linked with pulmonary outcomes and
survival in CF [4]. As life expectancy continues to increase in this population with the use of
CFTR modulators, non-traditional nutrition issues have emerged, and overweight/obesity
have become areas of interest in CF clinical care and research. Studies indicate that over-
nutrition is increasing in CF, and this has been linked to insulin resistance and other
hormonal disturbances, which are postulated to play a role in development of diabetes
and the trend of increased central fat distribution observed in this population [65,67].
Additionally, central adiposity, visceral adiposity, and normal weight obesity have been
documented in CF and could have negative health consequences [28,33–35].
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Additional perspective is needed to determine if excess weight and adipose tissue
distribution in CF are causally related to pulmonary and cardiometabolic outcomes. Specif-
ically, additional studies are needed to determine the interplay between central adiposity
and CF-related endocrine, metabolic, and pulmonary outcomes. Given the association
between fat-free mass and lung function in CF, future research should also focus on explo-
ration of the causes and predictors of decreased fat-free mass so that interventions can be
developed to promote accrual of lean body mass and reduction in central adiposity, regard-
less of BMI status, in PwCF. While weight loss is a common goal of obesity intervention
success, clinicians should also track body composition changes to ensure that lean body
mass is preserved and optimized during weight reduction.

The care team should be cognizant of the stigma associated with overweight and
obesity and the psychological impact of undesired weight gain. It should be noted that some
individuals with CF may prefer weight-neutral interventions that place emphasis on health-
promoting behaviors and repairing their relationship with food rather than weight loss as
their main goal. Collaborating with the CF care team Social Worker and/or Psychologist is
advised, both for support around these issues and assistance with behavioral strategies to
promote optimal health and wellbeing during weight management interventions.

There is limited evidence on the optimal diet for PwCF, especially in the setting of new
highly effective CFTR modulators and the development of overweight and obesity in this
population. Caloric deficit is necessary for weight loss, and many dietary approaches have
been shown to promote weight reduction in the general population. The sustainability
of any intervention relies on an individual’s ability to adhere to the chosen regimen. It is
therefore important to take an individualized approach to nutrition care and weight man-
agement plans, and it is the role of the CF care team Registered Dietitian to partner closely
with PwCF and their families to determine a customized nutrition care plan that is the best
fit for patient preferences, culture, and clinical status. Registered Dietitians should also
closely collaborate with the CF team Physical Therapist and Social Worker/Psychologist to
create a comprehensive lifestyle approach to address overweight and obesity that works
for each patient’s individual needs. When these comprehensive lifestyle interventions
are unsuccessful, medical management of obesity may be considered in overweight and
obese individuals with CF. Given the paucity of evidence regarding weight loss drugs and
bariatric surgery in CF, clinicians should carefully weigh the risks and benefits of medical
management considering patient and family goals and only pursue those interventions in
highly specialized centers.

Additional research is needed to determine the optimal dietary pattern for PwCF,
particularly in the setting of overweight and obesity. Research should also explore the
efficacy of different dietary patterns as well as weight-neutral approaches in improving
cardiometabolic outcomes independent of weight loss in PwCF who are overweight or
obese. Qualitative studies that explore patient and family attitudes and perceptions of
their weight status and body composition, as well as what would make effective weight
management interventions in CF, are also warranted. Using patients and family voices
combined with emerging scientific evidence to guide interdisciplinary behavioral nutrition
interventions for weight management is recommended.

6. Conclusions

A comprehensive interdisciplinary approach to lifestyle change, including nutrition
care plans, enjoyable customized exercise, and behavioral strategies, is necessary to address
the new challenge of overweight and obesity in CF. The CF Care Team should take a sensi-
tive, highly individualized approach to enhance the sustainability of lifestyle interventions
to address overweight and obesity, as well as partnership in care. Expanding the research
on overweight and obesity in CF is necessary to determine the impact on cardiometabolic,
pulmonary, and quality of life outcomes, and to determine optimal behavioral nutrition
interventions for clinical practice as longevity continues to increase in this population.
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Abstract: While typically considered a pulmonary disease, cystic fibrosis patients develop signifi-
cant nutritional complications and comorbidities, especially those who are pancreatic insufficient.
Clinicians must have a high suspicion for cystic fibrosis among patients with clinical symptoms of
pancreatic insufficiency, and pancreatic enzymatic replacement therapy (PERT) must be urgently
initiated. PERT presents a myriad of considerations for patients and their supporting dieticians and
clinicians, including types of administration, therapy failures, and complications.

Keywords: cystic fibrosis; pancreatic insufficiency; PERT; pancreatic enzymes; nutrition

1. Introduction

Cystic fibrosis (CF) is the most common life-shortening autosomal recessive disorder
in North America, effecting ~30,000 people in the United States alone [1]. CF is caused by
various mutations in the gene that codes for the cystic fibrosis transmembrane conductance
regulator (CFTR) gene which encodes a cyclic adenosine monophosphate regulated chloride
channel, responsible for chloride and bicarbonate secretion across epithelia cells. Abnor-
mal chloride transport through the CFTR leads to viscous sodium bicarbonate-depleted
fluid, and ultimately can lead to pancreatic insufficiency with subsequent malnutrition
and malabsorption, fat-soluble vitamin deficiencies, and progressive obstructive lung
disease [2].

While many now consider CF primarily a pulmonary disease, CF was initially recog-
nized by Dr Dorothy Andersen in 1938 as a distinct diagnosis for patients with failure to
thrive [3]. She labeled the disease “cystic fibrosis of the pancreas” based off her autopsy
findings of children who died of malnutrition. As such, the lack of pancreatic function was
the initial defining characteristic of CF with many children succumbing to malnutrition
before CF lung disease progressed. Now, patients with CF are quickly tested for pancre-
atic sufficiency and are thus characterized as “pancreatic sufficient” (PS) or “pancreatic
insufficient” (PI) [4].

The pancreas consists of the exocrine pancreas that produces pancreatic enzymes
and the endocrine pancreas that produces insulin. In this review, the term pancreatic
insufficiency refers to inadequate production of pancreatic enzymes, bicarbonate and
fluid by the pancreas resulting in maldigestion and malabsorption. Approximately 85%
of CF patients have evidence of maldigestion due to pancreatic insufficiency requiring
treatment [5]. CF patients experience progressive and substantial pancreatic injury early in
life, even in utero, thus often developing PI in infancy [4].

While first recognized in 1938, clinicians had a significant breakthrough in understand-
ing CF disease pathology in 1989 when Lap-Chee Tsui and colleagues cloned the CF gene.
From this discovery, scientists have defined six classes of mutations CFTR gene, classes
I–VI, stratified in decreasing severity. Such a genotype dichotomy has helped predict a
patient’s likelihood of PI: patients with two copies of class IV, V, or VI mutations tend to be
PS, whereas those with two copies of class I, II, or III mutations tend to be PI [5].
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Aggressive nutritional therapy is paramount to improved clinical outcomes for pa-
tients with CF. With the development of comprehensive North American CF care centers,
clinicians could recognize varying outcomes between care centers. Corey et al. compared
various metrics between Boston and Toronto’s CF care centers in 1988 finding that Toronto’s
patients had significantly better survival despite having similar FEV1 values. Possibly ex-
plaining this drastic difference, patients in Toronto had drastically better weight for height
as Toronto advocated for a high-fat, high-calorie diet with aggressive pancreatic enzyme
replacement therapy (PERT), whereas Boston advocated for a low-fat, high-calorie diet
with less emphasis on PERT [6]. A subsequent prospective study validated Corey et al.’s
findings, demonstrating that higher weight percentile in early childhood predicts improved
FEV1 and survival at 18 years old [7]. Given the advent of the newborn screen (NBS) [8] and
a focused interest in therapeutic nutrition and PERT in CF children beginning in infancy,
median World Health Organization height percentiles in US children with CF younger than
2 years old increased from less than 20% in 1993 to 44% in 2019 [9]. Leung et al., compared
a historic cohort of infants from 1994 to1995 to their prospective cohort concluding that the
initiation of a universal NBS, aggressive PERT, and early nutritional therapy improved the
nutritional status of CF infants [10].

Given numerous studies demonstrating aggressive nutrition’s vital impact on health in
the CF population and the subsequent use of PERT, this review will explore current updates
on the clinical presentation of patients with PI CF, the effects of PERT, various nuances to
consider, and special considerations of PERT therapy in the age of CFTR modulators.

2. Clinical Considerations

2.1. Presentation

Patients with malabsorption present classically with malodorous oily stools that can be
difficult to flush, chronic diarrhea, failure to thrive, weight loss, bloating, and dyspepsia [11].
All causes of malabsorption, not just pancreatic insufficiency, will present similarly, and
thus a broad differential diagnosis should be considered when approaching an infant or
child with malabsorption symptoms [4,11,12] (see Table 1). Regardless, anytime a pediatric
patient presents with failure to thrive, a full differential diagnosis must be considered.

Table 1. Causes of childhood malabsorption.

Intestinal Extra-Intestinal

Crohn’s disease
Celiac disease

Small intestinal bacterial overgrowth (SIBO)
Infectious diarrhea (Giardia, Cryptosporidium)

Brush border enzyme deficiencies
Short bowel syndrome

Acrodermatitis enteropathica

Cystic fibrosis
Zollinger-Ellison syndrome

Gastroparesis
Chronic cholestasis

Schwachman-Diamond syndrome
Johanson-Blizzard syndrome

Pearson syndrome
Jeune syndrome

Pancreatic aplasia
Cholestatic liver disease

Before universal newborn screening was available in the USA, cystic fibrosis would
present with meconium ileus, rectal prolapse, failure to thrive and weight loss, respiratory
difficulties, and steatorrhea, among others [2]. As of 2010, all 50 states are performing CF
screening at birth [13]. Screening typically entails measuring an infant’s immune-reactive
trypsinogen (IRT) serum level, occasionally coupled with DNA analysis for common CFTR
mutations. Should an infant screen positive, he/she should be immediately referred for
a confirmation sweat chloride test [14]. However, some infants with CF will not screen
positive [15,16], thus clinicians must always remain vigilant to the diagnosis of CF in all
infants with concerning symptoms.
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2.2. Diagnosis

Since newborn screening has been in place, infants often present for the initial CF
center visit at 2 weeks of age. For infants with identified CFTR mutations associated with
PI or poor initial weight gain, PERT should be initiated as soon as possible, even before
a patient has been officially diagnosed as PI. Caregivers may bring a stool sample to be
sent for fecal elastase (FE) and PERT administration may be demonstrated and started
at the initial appointment. Taking PERT will not affect a FE test result, and PERT can be
discontinued if the test result is negative for PI.

Early diagnosis of PI and intervention leads to improved nutritional status [10], re-
gardless of age [4]. PI testing can prove difficult, as testing only easily detects severe PI and
there is no gold standard for PI diagnosis or severity [17]. PI testing is either considered
indirect or direct.

Indirect testing evaluates the secondary fecal effects due to lack of pancreatic en-
zymes [17]. The historical gold standard has been the 72 h fecal fat test, with a coefficient
of fat absorption normal if ≥85% if the patient is less than 6 months of age and ≥93%
if 6 months or older [18]. However, 72 h tests are unpleasant and time consuming. An
acid steatocrit (AS) test has been proposed as an alternative test. Walkowiak et al., com-
pared the AS among CF patient without or with mild steatorrhea, but unfortunately
found that AS did not reflect the fecal fat excretion in these CF patients [19]. However, a
FE > 100 micrograms/gram stool has a 99% negative predictive value for pancreatic insuf-
ficiency. FE is easier to obtain than a 72 h fecal fat and, as proven to be a valid screening
method for PI, has become the standard test for PI [20]. In general, indirect tests are only
accurate for advanced stages of PI [17].

Direct tests measure the secreted pancreatic enzymes and bicarbonate [17]. Chole-
cystokinin stimulates pancreatic enzyme secretion and secretin stimulates pancreatic bi-
carbonate secretion. Both Dreiling tubes (nasal tube with gastric and duodenal ports to
decompress the stomach and measure duodenal secretions, respectively) and endoscopy
have been utilized for direct exocrine pancreatic testing [4]. However, among patients with
chronic pancreatitis, direct PI testing was similar between endoscopic and Dreiling tube
methods, and the endoscopic method eases the performance of these tests [21].

2.3. Subsequent Testing

After the diagnosis of PI in a patient with CF, it is important to note that the fecal
elastase values may fluctuate significantly in the first year of life. O’Sullivan et al. following
61 CF patients obtained at least 8 fecal elastase levels initially obtained at age < 3.5 months
and the final level obtained at age ≥ 9 months old. They found significant variability
in fecal elastase testing across all initial fecal elastase groups. In total, 27% of those
with an initial fecal elastase between 50–200 micrograms/gram had at least one fecal
elastase > 200 micrograms/gram. Furthermore, 15% of those with an initial fecal elas-
tase > 200 micrograms/gram had a fecal elastase < 200 micrograms/gram by the end of the
first year [22].

Given this variability, clinicians should always consider the evolution of a patient’s
pancreatic exocrine function. Thus, guidelines now recommend that PS CF children and
adults undergo an annual assessment of pancreatic function by fecal elastase measurement,
and more frequent tests are needed for poor growth or inadequate nutritional status [23].

3. Treatment

3.1. Types of PERT

PI is treated with PERT capsules which contain pancreatic extract (lipase, protease,
and amylase) to replace the missing endogenous pancreatic enzymes. All the current
FDA-approved products are derived from porcine origin. Patients who follow religious
or cultural preference to avoid pork products may be given a medical dispensation. Non-
porcine enzymes are present in clinical trials; however, there is no effective alternative
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currently available. There are over the counter preparations available which are sold as
digestive aids. These are only available in very low doses and are not efficacious to treat PI.

There are three formulations: enteric-coated, non-enteric coated, and a lipase enzyme
cartridge. There are different brands of PERT which come in multiple sizes and dosing
strengths based on lipase units (See Figure 1).

 

Figure 1. PERT Capsules and Contents. Reprinted with permission from Karen Maguiness, MS, RD,
CSP, Riley Hospital for Children.

Products for oral use are generally in capsule form containing microspheres or mi-
crotablets with a pH-sensitive coating protecting the enzymes from gastric acid and allow
activation in the more alkaline environment of the duodenum.

3.2. Oral PERT Administration

The capsules are administered by either swallowing whole or opening the capsules
and sprinkling the contents in a small amount of acidic food such as applesauce. The
enzymes beads or microtablets must be swallowed whole; they should not be chewed or
crushed.

PERT may be administered to infants by sprinkling the capsule contents in a small
amount of applesauce and offering right before breast or bottle feeding. The infant’s mouth
should be checked for retained beads and mucosal irritation. Starting a skin barrier cream
is recommended because some of the beads may pass through the immature intestine and
cause perianal irritation.

PERT dose can be determined by patient weight or by the fat content of the meal
or snack. PERT dosing should be individualized (see Table 2); PI CF patients should
be started on the lowest effective dose and then have the dose titrated based on weight
gain and gastrointestinal symptoms to the lowest effective dose, not to exceed 2500 lipase
units/kg/meal and a total of 10,000 lipase units/kg/day. The number after an enzyme
name denotes lipase units per capsule multiplied by 1000. Several companies provide
varying capsule dosages with varying bead sizes, best illustrated by the excellent image
prepared by Karen Maguiness, MS, RD and used with permission (see Figure 1). Some
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young infants may transiently exceed this upper limit of dosing recommendations due to
the need for frequent PERT dosing with on demand feeding and should be monitored by an
experienced clinician [24]. Optimal enzyme dosing is associated with typical rates of weight
gain and growth determined by genetic potential and evidence of some improvement of
indirect markers of maldigestion such as vitamins levels. Doses are adjusted based on
clinical symptoms of poor weight gain and/or fat malabsorption by increasing 1 capsule
per dose not to exceed 2500 lipase units/kg/meal. Another consideration is tailoring the
enzyme dose to the specific foods by dosing per fat gram. Always consider consultation
with a nutrition or PERT expert when dosing enzymes to determine the best method for
use and for dose titration recommendations.

Table 2. PERT Dosing Recommendations.

Patient Age
Age-Based Dosing
Recommendations

Focus Guidance About
Administration

Titration

PERT for Oral Feeds—Use Enteric-Coated Formulation

Premature and full-term
infants, <12 months

Initiate when taking >60 mL per feed
(formula/breastmilk).

Starting dose: 3000 lipase units/feed
Range: 1000–2500 lipase

units/kg/feed
Max: 10,000 lipase units/kg/day

Open capsule, sprinkle enzyme
beads on a small amount

of applesauce
Administer at start of feed

Give by mouth even if portion
of feed is enteral

Never give via feeding
tube (clogs tube)

Check infant’s mouth for retained
beads and mucosal irritation

Start skin barrier cream and monitor
for perianal irritation

Increase by 1 capsule per dose
based on clinical symptoms of

malabsorption and/or poor
weight gain

Max dose may transiently exceed
10,000 lipase units per kg/day

due to frequency of
infant feedings

Children and Adolescents

Starting dose
1–4 years

1000 lipase units/kg/meal
Titrate to max 2500 lipase

units/kg/meal
≥4 years

500 lipase units/kg/meal
Titrate to max 2500 lipase

units/kg/meal
Range: 500–2500 units/kg/meal
Max: 10,000 lipase units/kg/day
Snack dose: Half of the meal dose

Give capsule by mouth
Give by mouth even if portion

of feed is enteral
If unable to swallow capsule: open

capsule, sprinkle enzyme beads on a
small amount of applesauce

Meals lasting longer than 30 min:
split dose and administer halfway

through meals

Increase by 1 capsule per dose
based on clinical symptoms of

malabsorption and/or poor
weight gain.

Consult CF RD or another PERT
expert and dose as needed

PERT for Tube Feeding—Bolus Feeds

Enteric-Coated Enzyme

Weight based
Starting dose

Children: 500–1000 lipase
units/kg/feed

Range: 500–2500 lipase
units/kg/feed

Max: 10,000 lipase units/kg/day

Only use if patient is able to take enzymes by mouth Give at start of feed
Give at start of feed

Start at lower end of dosing range
Initiate when taking ≥60 mL per feed

Never crush or chew enzymes

Grams of fat based
Typical dose: 1800–2200 lipase

units/g of fat
Range: 500–4000 lipase units/g of fat

Dose enzymes based on total grams of fat in the formula per RD
recommendations

Non-CF: start at lower end of dosing range

Non-Enteric-Coated
Enzyme (Viokace®)

Grams of fat based
Typical dose: 1800–2200 lipase

units/g of fat
Range: 500–4000 lipase units/g of fat

Use ONLY if patient is unable to take enteric-coated enzymes by mouth
Crush Viokace and add to formula

Lipase units that come from Viokace do NOT count towards total max dose
per day of 10,000 units lipase/kg/day

Round to the nearest 1/2 tablet of Viokace. Dosage options are either
10,440 or 20,880 lipase units per tablet

Non-CF: start at lower end of dosing range
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Table 2. Cont.

Patient Age
Age-Based Dosing
Recommendations

Focus Guidance About
Administration

Titration

PERT for Tube Feeding—Continuous/Overnight Feeds

RELiZORBTM

Patient is ≥5 years of age
Starting dose: 1 cartridge

per 500 mL formula
Max: 2 cartridges/24 h period

Optimal rate of feed: 24–120 mL/h

Preferred method for continuous tube feeds
Avoid fiber containing and blenderized formulas, can clog cartridge

Minimum tube feeding rate is 24 mL/h
If rate is lower than 24 mL/h, use crushed (Viokace) method below

Non-Enteric-Coated
Enzyme (Viokace®)

Grams of fat based
Typical dose: 1800–2200 lipase

units/g of fat
Range: 500–4000 lipase units/g of fat

Crush Viokace and add to formula
Initiate when taking ≥15 mL per hour (formula/breast milk)If unable to

use RELiZORB, this method provides the next best option
Lipase units that come from Viokace do NOT count towards total max dose

per day of 10,000 units lipase/kg/day
Round to the nearest 1/2 tablet of Viokace. Dosage options are either

10,440 or 20,880 lipase units per tablet
Non-CF: start at lower end of dosing range

Enteric-Coated Enzyme

Given orally only
Dose based on weight or grams of fat

in tube feeding formula
Weight based

Range: 500–2500 lipase
units/kg/feed

Max: 10,000 lipase units/kg/day
Grams of fat based

Typical dose: 1800–2200 lipase
units/g of fat

Range: 500–4000 lipase units/g of fat

This option is for patients >2 years on overnight feeds who can take oral
enzymes when RELiZORB or Viokace are not available Use a meal dose of
enzymes at start of tube feeds. Patients may need an additional half dose at

the end of the feed
Do not use for 24 h continuous feeds

Initiate when receiving >15 mL per hour (formula/breast milk)
Do not recommend enteric-coated enzymes through any enteral tube due

to risk for clogging
Non-CF: start at lower end of dosing range

Copied with permission from Children’s Hospital of Philadelphia’s Clinical Pathway for PERT in Children with
or at Risk for Exocrine PI [25].

3.3. PERT Administration for Bolus and Continuous Enteral Feeding

Providing PERT for patients with PI receiving continuous enteral feeding has been
challenging. Until recently, a common practice has been to provide oral PERT capsules at
the beginning and end of the tube feeding. This off label practice is not practical from a
physiologic sense to provide a bolus of PERT which lasted 45–60 min during a continuous
infusion of nutrients often over 4–8 h or more. Some but not all patients tolerate this
method and achieve desired weight gain. However, some may have ongoing abdominal
pain, bloating, bowel urgency and other undesirable side effects and often results in
decreased patient adherence.

The PERT dose for bolus enteral feeding can be based on the weight, or more accurately
determined based on the grams of fat in the formula. A typical dose would be calculated
at approximately 2000 lipase units per gram of fat in the formula, with a range between
500–4000 lipase units/gram of fat (see Table 2 PERT dosing recommendations). PERT may
be administered orally at the start of the bolus feed with enteric-coated capsules either
swallowed whole or opened and sprinkled on acidic fruit sauce. For instances when PERT
cannot be swallowed, a non-enteric-coated tablet may be carefully crushed and added
to the volume of formula for the bolus. The dose would be based on the grams of fat
in the formula, typically at 2000 lipase units per gram of fat and rounded to the nearest
1/2 tablet size within a range of 500–4000 lipase units per gram of fat (see Table 2 PERT
dosing recommendations).

The first FDA-approved device for patients with fat malabsorption ages 5 years and
older receiving continuous enteral feeding is a lipase only cartridge (Relizorb) placed
in-line with the tube through which the enteral feeding flows. The lipase inside the
cartridge continuously breaks down long-chain triglycerides into absorbable components
throughout the entire duration of the enteral feeding which then flow into the patient. One
cartridge is recommended for 500 mL of formula at flow rates between 10–120 mL per hour.
Cartridges can be connected in tandem to accommodate volumes between 500–1000 mL at
rates between 24–120 mL per hour (see Table 3). Several studies report good results with
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improved weight gain, improved essential fatty acid profiles, and fat-soluble vitamins as
well as improved gastrointestinal symptoms [26,27]. There is a list of compatible formulas
on the company website with corresponding fat hydrolysis data which are updated as more
information becomes available (relizorb.com). Note there are no data for infant formulas or
breast milk as the cartridge has not been FDA approved in these age groups although there
may be case reports.

Table 3. Enzyme Types and Considerations.

Enzyme Type Considerations

Enteric-Coated

Capsules containing enteric-coated beads or microtablets
Coating protects enzymes from gastric acid, allows activation in duodenum
Administration:

• Give by mouth at the start of feeds/meals/snacks/beverages.

� Swallowed whole or opened, and contents sprinkled on a small amount of applesauce.
� Give even if portion of their feeding is via an enteral tube.

• Do NOT:

� Administer via feeding tube, will clog tube.
� Crush or chew enzyme beads.

Non-Enteric-Coated
(Viokace®)

Powdered tablets
Most often used for patients on tube feedings
Administration:

• Crush and add to enteral formula to pre-digest nutrients in feeding bag prior to enteral tube
administration.

• Do NOT give orally

Lipase Cartridge
(RELiZORBTM)

Enzyme cartridge only containing enzyme lipase
For patients on continuous tube feeds only
Administration:

• Cartridge is connected in-line with the enteral tube feeding set.
• Enteral formula flows through the cartridge and fat is digested in the formula.

Refer to RELiZORBTM manufacturer’s data sheet for compatible formulas

Copied with permission from Children’s Hospital of Philadelphia’s Clinical Pathway for PERT in Children with
or at Risk for Exocrine PI [25].

Another off-label method used for pancrelipase coverage during continuous enteral
feeding when unable to use the Relizorb cartridge is Viokace, a non-enteric-coated pancreli-
pase tablet which must be crushed and added to the formula before infusion (see Table 3).
This method is preferable to giving oral enteric-coated pancrelipase before overnight
formula infusion and in cases when the Relizorb cartridge is not compatible with the
prescribed enteral regimen. The Viokace tablets are crushed carefully to a fine powder and
added to the formula prior to infusion. Care must be taken to protect eyes and skin and not
breathe in the powder. Dosing is based on grams of fat in the formula or breast milk (see
Table 2).

3.4. Considerations for Treatment Failure

Poor growth is common among the CF population, even in clinics with robust dietician
support. Numerous considerations must be entertained. A primary cause of poor growth
is poor caloric intake, especially common given the many symptoms that CF patients
have (abdominal distension, abdominal pain, constipation, etc.). Of course, other causes of
malabsorption and other factors besides PI that may affect fat malabsorption and/or weight
loss must be considered as well, such as constipation or celiac disease (see Table 1 for a
more complete differential diagnosis). Among CF patients with mild PI CF-associated liver
disease, Drzymala-Czyz et al., found that ursodeoxycholic acid supplementation enhanced
fat absorption [28].
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Enzyme failure must also be carefully considered; for common causes of enzyme fail-
ure see Table 4. As CF patients have increased gastrointestinal acidity [29], and acidity may
decrease enzyme activity efficacy [30] and/or precipitate bile acids in the CF intestine [31]
(and thus decreased micelle formation and fat absorption), adding acid-suppressing agents
may improve fat absorption [32]. However, acid-suppression therapies (most commonly
proton pump inhibitors) are still being evaluated and other adjustments might be con-
sidered first. In general, an acid suppression therapy trial is typically limited with clear
endpoints such as weight gain [4].

Table 4. Troubleshooting PERT Failure.

PERT Considerations

Timing of PERT
administration

• Enzymes should be administered prior to eating all meals and snacks.

� Food should be eating within 45–60 min of enzyme dose to ensure appropriate enzyme activity.

• Slow eaters, gastroparesis, or fat eaten at end of meal.

� Consider splitting dose, taking 1/2 at start of meal and 1/2 dose partway through the meal.

• If most food is eaten in 1 sitting.

� Dose adjustment may be difficult. Consider spreading food and fat intake over course of day

Type of food eaten
• Match enzyme dose to food eaten.

� Consider dosing enzymes based on fat grams.

Storage

• Keep lid tightly closed on enzyme container.
• Enzymes should be kept at room temperature (59–86 degrees Fahrenheit).

� Heat destroys enzymes: do not store on top of refrigerator or toaster oven, keep out of hot cars.
� Cold temperatures can harm enzymes, do not refrigerate.

Expiration date • Enzymes degrade overtime so always check the expiration date.

3.5. PERT Complications

Despite PERT’s vital component to any PI CF patient treatment regimen, PERT has
side effects that must be considered by the clinician. Fibrosing colonopathy is a well-known
complication of PERT associated with high PERT doses [33]. FitzSimmons et al.’s case-
controlled study from 1997 demonstrated that higher doses of PERT were associated with
fibrosing colonopathy, finding that affected patients had a daily dose of PERT 2.5 times
higher than the unaffected control group [34]. However, even the control group had an
daily average PERT intake of 18,000 units lipase/kg/day [34], far higher than the current US
care guidelines [18]. Thus, it has been argued that the maximal PERT dose of 10,000 units
lipase/kg/day is not evidence based, and clinicians can consider higher doses especially in
infants as patient’s needs necessitate [33].

4. PERT Efficacy

While PERT efficacy could be measured by weight changes over time and PI symptom
improvement, these endpoints are lagging and subjective. Thus, nearly all studies for PERT
efficacy utilize coefficient of fat absorption (CFA) over 72 h to measure improvement in
steatorrhea, and coefficient of nitrogen absorption (CNA) to quantify changes in azotorrhea.
While CFA is an especially accurate and precise measurement for steatorrhea in otherwise
healthy individuals, CFA is less accurate and precise among patients with CF. However,
CFA remains the primary outcome measure to investigate PERT efficacy [35].

Accurate measurement of fecal fat is not only important for diagnosing PI, but also
PERT dosing. Overall, 72 h fecal collections for CFA are arduous and difficult for patients.
Caras et al. demonstrated that the mean calculated CFA of three random stool samples
over 3 days was as sensitive to predict a percentage fat < 30% as a 72 h CFA [36]. While still
difficult to obtain, these random stool samples would be more easily obtained than a strict
72 h fecal collection. Clinically, random stool collections are not used to titrate PERT dosing.
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A recent metanalysis on PERT’s efficacy in patients with chronic pancreatitis showed
that PERT significantly improved CFA and CNA, and among randomized controlled
trials PERT improved GI symptoms and decreased fecal weight, fecal fat, and nitrogen
excretion [37]. A Cochrane review recently published noted that there are no high-quality
trials comparing PERT to placebo in individuals with CF. However, when comparing
enteric-coated microspheres (ECM) to enteric-coated tablets (ECT), ECM has superior
outcomes regarding abdominal pain, stool frequency, and fecal fat excretion suggesting
ECM’s significant efficacy among patients with CF. Interestingly, there are no outcome
differences among the various formulations of ECMs [38].

5. PERT and Highly Effective Modulator Therapies

Severe PI has been thought to be irreversible, and CF-related PI is often present from
birth or develops in most instances within the first year of life. The introduction of highly
effective modulator therapies (HEMTs) has demonstrated that pancreatic function is more
dynamic than previously thought. HEMTs include ivacaftor (IVA) for gating mutations such
as G551D and IVA/tezacaftor/elexacaftor for at least a heterozygous F508del mutation [39].
In some cases, long-term use of HEMTs (especially IVA for gating mutations) may reverse
the PI in some PI CF patients as seen in the following studies.

In the ARRIVAL study, 19 children aged 12 to <24 months with at least one gating
mutation were placed on CFTR modulator IVA for 24 weeks [40]. After the 24-week
trial, the patient’s fecal elastase improved from a mean of 182.2 ug/g to 326.9 ug/g and
immunoreactive trypsinogen improved from a mean of 1154.9 ng/mL to 505.4 ng/mL.
Eleven children were considered pancreatic insufficient at baseline (all 11 had baseline
values < 50 μg/g). Nine of these children had both baseline and week-24 fecal elastase
values; six of these nine children had fecal elastase > 200 μg/g at week 24, a value consistent
with normal pancreatic function.

In the 24-week KIWI trial of IVA given to older children ages 2–5 years, a mean increase
in FE of 99.8 ug/g was observed and sustained throughout the open-label extension KLIMB
study. Subjects were followed from week 24 to 84 although no further significant changes
were noted in FE. For the 18 subjects who had FE measurements completed at baseline and
week 84, one had a FE > 200 ug/g at baseline and five had FE > 200 ug/g at week 84 [41].

Thus, it seems that HEMTs can improve, and possibly rescue, pancreatic exocrine func-
tion in some patients, even in older patients according to these studies. There is significant
variability in fecal elastase response among the patients in the KIWI and ARRIVAL trials,
suggesting that a subset of CF PI patients may have enough residual acinar activity that
can be rescued. Given this variability, approaches to PERT therapy for patients on HEMT
are currently highly variable and not standardized. As of this time, we are in the early days
of HEMT use and have yet to fully appreciate the effects of long-term therapy on exocrine
pancreatic function.

6. Conclusions

The CF population presents unique considerations for their physicians and dieticians
caring for them. Improved nutrition for the CF patient is paramount for improved clinical
outcomes and survivability, and PERT is essential for PI CF patients. We have explored
the nuances, considerations, administrative techniques, and complications of PERT in this
review. As PI CF patients have unique disease pathology, the providers and dieticians that
care for CF patients must have a robust knowledge of PERT.
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Abstract: Food insecurity (FI) rates among people with cystic fibrosis (CF) are significantly higher
than in the general US population. This study explored the experiences and perceptions of adults
and parents of children with CF surrounding FI. We recruited parents of children with CF ages
0–18 years and adults with CF ages 18 years and older from a large, accredited U.S. CF care center
and the Cystic Fibrosis Foundation Community Voice to participate in a qualitative study using semi-
structured telephone interviews to explore experiences and preferences related to food insecurity.
Two coders independently reviewed each transcript to apply the codebook and identify any emerging
codes using an ongoing, iterative process to identify central themes. We interviewed 20 participants
(six adults with CF and 14 parents of children with CF) and identified five major themes: (1) FI in
CF is influenced by a variety of factors, ranging from nutritional demands to competing financial
barriers; (2) FI impacts CF health outcomes; (3) Open patient-provider communication around FI
is vital; (4) FI screening and discussions should be normalized in CF care; (5) Comprehensive FI
resources are vital. FI is an important topic that should routinely be addressed with the CF care team
to destigmatize and encourage individuals to be more forthcoming about their FI status. Results from
this study will inform future larger investigations on the impact of FI on CF health and aid in the
design and planning of targeted interventions and advocacy efforts.

Keywords: cystic fibrosis; food insecurity; experiences

1. Introduction

Food insecurity (FI), defined as a household condition in which access to adequate
food is limited by lack of money and other resources, is an important health concern that has
the potential to impact on children and families in a dramatic way [1]. In 2020, 10.5 percent
of households in the United States (US) were food insecure, and nearly 15 percent of
households with children were food insecure [2]. FI, especially in households with children,
has since been exacerbated by the COVID-19 pandemic [3]. Furthermore, individuals living
with chronic illnesses in the US have an increased prevalence of FI [4].

FI rates among people with cystic fibrosis (CF) are significantly higher than the general
US population [5]. Ideal nutritional status, defined as body mass index (BMI) at or above
the 50th percentile for children and adolescents aged 2 to 20 years or BMI of at least 22
and 23 for females and males respectively, has been found to correlate with improved long-
term linear growth, pulmonary function, and long-term survival in CF. As such, the CF
Foundation (CFF) recommends an intake of at least 500 calories per day over the standard
daily requirement with fat intake composing about 35–40% of those calories [6–8]. Given
that people with CF have increased caloric demands, FI may contribute to the inability
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to achieve and maintain appropriate weight gain and lead to malnutrition in CF and is a
nutritional risk factor for the CF population [9–12].

The individual and family experience of FI in CF, where diet and nutrition are so
heavily valued and monitored, has not been previously studied. We explore the lived
experiences of both adults with CF and the parents of children with CF, who have reported
experiencing FI on routine screening. We investigated perceptions surrounding FI screening,
patient-provider interactions, and emotions surrounding disclosure with the overarching
goal of improving identification and provision of resources to those experiencing FI in CF.

2. Materials and Methods

2.1. Study Participants

We recruited parents or primary caregivers of children with CF ages 0–18 years and
adults with CF ages 18 years and older using two methods. First, we recruited participants
from a large, accredited U. S. CF care center during outpatient visits between November
2020 and May 2021 who reported experiencing FI on verbal screening using a validated
screening tool. We also recruited participants who self-reported FI in June 2021 using a
national convenience sample from the CFF Community Voice (CV), a virtual avenue for
people with CF and their family members to share their experiences and perspectives on
CF research and care [13]. We used pseudonyms to represent study participants.

2.2. Interviews and Data Collection

The principal investigator (MACH), a pediatric gastroenterologist and health services
researcher, conducted the interviews in a private space using a secure telephone line.
The interviewer was not directly involved in the participants’ clinical care. We collected
participant demographic information, including age, race, and gender of the person(s)
with CF and structured interviews by key open-ended questions. The interviews explored
the participants’ experiences surrounding FI, their understanding of the impact of FI on
their or their child’s health, their experiences discussing FI with the CF team and other
healthcare providers, their coping strategies for addressing FI, and their perspectives on
what resources were needed to better support those with CF facing FI (Box 1).

The institutional review board (IRB protocol #20080145) approved the study. Patient
consent was waived due to the study’s anonymous low-risk nature. We compensated
each participant with a $50 gift card. All interviews were conducted in English and audio
recorded. Interviews lasted between 25 and 60 min. We reached thematic saturation after
the 10th interview, suggesting that our total sample was adequate for establishing important
themes as they relate to FI in CF.

A co-investigator (TMK), a CF physician and health services researcher with extensive ex-
perience on qualitative research, served as a resource during the entire data collection process.

2.3. Data Analysis

We transcribed the interviews and used Dedoose software to facilitate data manage-
ment and coding. The primary investigator (MACH) developed an initial codebook based
on the interview guide. MACH and a second coder (SA), a pediatric pulmonologist, then
independently reviewed each transcript to apply the initial codebook and identify any
emerging codes. The coders reviewed their coding together and defined any new codes
after the first few transcripts were independently coded. This approach was used in an
ongoing, iterative process. The coders applied the final codes to all transcripts, and the
study team identified central themes and representative quotations [14–16].
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Box 1. Key Interview Questions.

• Can you tell me more about your experiences with food insecurity?
• In the past 12 months, have you worried about paying the rent/mortgage, falling behind on

utilities, facing transportation or health care barriers? Tell me more about this.
• How do you think food insecurity has affected your [or your child’s] health?
• Did you ever bring up food insecurity with any health care provider? Tell me more about this.
• Should the CF team be asking about food insecurity? Why or why not?
• Has anyone on your CF care team (i.e., your doctor, nutritionist, nurse, social worker, etc.) ever

talked to you about food insecurity? How did this conversation go?
• What resources would be helpful for you?
• Have you ever been offered resources during an office clinic? If so, which did you find the

most helpful and why?
• How can your CF team better support people with CF with food insecurity?
• What advice do you have for other parents with children with CF or individuals with CF, who

are experiencing food insecurity?
• What advice do you have for your CF team on how to make these discussions more comfortable?
• What coping strategies do you have related to food insecurity?
• What is the best way to screen for food insecurity? Tell me more about this.
• If you have questions about food insecurity that are specific to CF, where do you go

for information?
• In the future, how would you want to hear about any information regarding food insecurity?

CF: cystic fibrosis.

3. Results

We interviewed 20 participants (six adults with CF and 14 parents of children with
CF). We recruited 15 participants directly from clinic and five from CV. Table 1 includes
participant demographic information. Major themes and subthemes with representative
quotations are below.

3.1. Theme 1: FI in CF Is Influenced by A Variety of Factors, Ranging from the Nutritional
Demands to Competing Financial Barriers

Many participants expressed significant concerns surrounding the expense of a CF
diet, due to increased caloric requirements and increased need for expensive food items,
such as proteins and fats. Half of the participants felt that they purchased lower quality
food due to these considerations. “Avery”, a parent of three boys with CF, discussed their
family’s monthly food budget and stated, “It’s a tricky thing because I know they need to
eat more, a lot more, but how much money can you put into a grocery budget . . . things
that they need that are gonna be good for their diet are also the expensive things”.

Most participants felt that there were several competing barriers that compounded the
effects of FI, including basic living expenses (i.e., utilities, rent), single income households,
healthcare costs, transportation barriers, and households with multiple children with CF.
Participants expressed the difficulty of having to choose between food and competing costs.
“Riley”, a parent of two children with CF, shared “I don’t make a whole lot of money, but I
also don’t qualify for food stamps. Everything that I buy I pay for myself. It gets hard on
a single [parent]”. “Morgan”, age 38, shared their experiences with transportation costs
and stated, “I do pulmonary rehabilitation at the hospital three times a week, so driving
back and forth, that takes gas and a lot of things. I usually end up just barely making it,
month to month”. “Avery” shared that having three children with CF is “going to be like
I’m feeding six boys . . . they need twice as much food as the average kid”.

Most participants felt that COVID-19 was an external contributor to FI. “Emerson”, a
parent of two girls with CF, shared that due to COVID-19, their family “ended up having to
pick between if we were paying bills or buying groceries because we were already rammed
with credit card debt”. The pandemic worsened FI for some families and led to FI in some
families that had not experienced it previously.
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Table 1. Characteristics of the CF patient sample.

Participant Characteristics Mean (SD) or % (n)

People with CF n = 6
Age 32 (range 18–38)
Gender

Female
Male

67% (4)
33% (2)

Modulator use
Yes
No

67% (4)
33% (2)

Race/Ethnicity
White
Black

Multiracial (White and Native American)

67% (4)
17% (1)
16% (1)

Parents n = 14
Age of children with CF * 10.3 (range 2–19)
Gender of children with CF

Female
Male
Transmasculine

43% (9)
52% (11)
5% (1)

Gender of parents participating
Female 100% (14)

Modulator use in children
Yes
No

52% (11)
48% (10)

Race/Ethnicity
White
Black

95% (20)
5% (1)

Households with multiple children with CF 43% (6)
*, 21 children total.

3.2. Theme 2: FI Impacts CF Health Outcomes

Nearly all participants felt that FI played a role in their own or their children’s weight
with an emphasis on being underweight. “Avery” reflected on how FI has impacted their
children’s weight by stating “we do try to maintain their health as best within our power,
but I think they could probably do so much better with their weight if I had the means to
give them what I wish I could as far as food”.

Some participants felt that FI also played a role in their lung function and susceptibility
to infections. “Dallas”, age 37, reflected on how they “had more [lung] infections . . . getting
sicker a lot more” when they were underweight due to FI. “Avery” said “If they could just
have what they need to do better, and just nutrition . . . It’s just everything rides on that
’cause they’ll have less hospitalizations if they’re nutritionally better. I just hope that this is
somethin’ that gets more talked about, and more taught to the professionals”.

3.3. Theme 3: Open Patient-Provider Communication around FI Is Vital

Most participants felt that FI was associated with embarrassment and guilt. This
emotional impact led to difficulty and fear of disclosing FI status and asking for help.
“Riley” noted that “it does get embarrassing being asked . . . it’s hard to say yes . . . that
you’re struggling . . . sometimes it’s just hard for people to say that they are”. “Charlie”,
a parent of two girls with CF, said that “there’s a feeling like you’re failing, or some
desperation” when disclosing FI and accepting resources.

Almost half of the participants expressed difficulty in disclosing FI because they felt
undeserving of help and that other families or patients could use FI resources more. “Avery”
shared, “I don’t want to put ‘yes’ on [the FI screener] knowing there’s probably people who
can’t even get their kid one package of bacon. I feel like those resources should go to those
people, but I don’t know what you do about the people in the middle who don’t qualify
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for SNAP [Supplemental Nutrition Assistance Program] but aren’t quite able to get what
they need”.

Most participants felt strongly that overcoming this fear of asking for help and ac-
cepting FI resources were the best ways to advocate for loved ones or oneself. “Brooklyn”,
parent of a boy with CF, expressed, “[Don’t be] scared to say something because [the CF
providers] don’t know what’s going on unless you bring it to their attention. Don’t be
scared to speak up because this is your child’s voice right now”.

3.4. Theme 4: FI Screening and Discussions Should Be Normalized in CF Care

Many participants felt that normalizing FI and standardizing how the topic is ap-
proached and discussed would encourage people to be more forthcoming about their FI
status. “Cameron”, a parent of a toddler with CF, shared that it would be helpful to have a
universal FI screener on registration that is “worded nicely... so that it would just be like,
this is what we do. It’s part of the process. We are not singling anyone out”.

Almost every participant felt that the CF team should be screening for FI at every
visit. “Dallas” stated that “there are a lot more people that are struggling [with FI] in the
CF community than they [CF care team] know of”. The majority also felt that nonverbal
(i.e., questions on a handout or on a tablet) or a combination of nonverbal and verbal
screening is preferred over verbal screening (i.e., staff asking on arrival to visit) alone.
“Hayden”, parent of a boy with CF, expressed that a nonverbal method of screening would
be ideal because “some people are embarrassed about what they make . . . and some people
might not be open” if asked verbally.

Participants noted that FI screening can miss those who do not qualify for governmen-
tal assistance or whose income is irreflective of FI status. “Jesse”, a parent of a girl with
CF, expressed “[We were] never eligible to receive assistance because of [my] husband’s
salary. It’s like even though he made a certain amount, it still didn’t reflect how [we]
were struggling”.

The majority of participants felt that FI discussions should be with either the dietitian
or social worker. “Remy”, parent of a transgender male with CF, said “I feel comfortable
with the social worker. They’re there to help you and make sure everything’s okay and
they’re less intimidating I think than maybe a doctor or nurse”. “Sam”, age 34, felt that
“the dietitian should always be the one to initiate the conversation because they’re the ones
trained to understand the capacity of food, what food deserts are, what FI does from a
nutritional standpoint”.

Furthermore, about a third of participants felt that CF physicians have limited under-
standing of FI or should not be burdened with such non-medical aspects of care. “Riley”
stated “[Physicians] should be more concerned about the problems that are going on, the
things that can be done to help health-wise”. “Emerson” also shared “it’s hard to discuss
FI . . . and it’s a difficult topic to get too personal with doctors, and frankly, I don’t think
they really understand either”.

3.5. Theme 5: Comprehensive FI Resources Are Vital

The majority of participants felt that food banks, SNAP, and gift cards were helpful
resources. “Hayden” stated, “The gift cards definitely helped because I can get gas, and
that saves money for other things. We receive some food stamps . . . that definitely helped
during the pandemic”. Most preferred that resources be provided via an electronic method
(i.e., email) as opposed to paper. “Riley” explained how “electronically is easier because
papers get lost. Emails you can always find”.

Most participants felt strongly that family served as a great support network. “Morgan”
expressed “I have a great support system. I think that’s part of the reason why I’m alive. I
have a family that has taught me to fight. I have a family that loves me and my significant
other loves me very, very much”.
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4. Discussion

This is the first study to explore the perspectives and experiences of people with CF
and families with children with CF related to FI. Participants expressed that FI is influenced
by a variety of factors, ranging from the increased CF nutritional demands to competing
financial barriers, and can lead to poor CF health outcomes. FI also elicited feelings of
embarrassment and guilt that led to hesitancy in disclosing FI status. Given this, most
participants felt that this was an important topic that should routinely be addressed with
the CF care team to destigmatize and encourage individuals to be more forthcoming about
their FI status so that they can be connected to the appropriate resources.

Our results highlight important barriers to optimal adherence to CF dietary recommen-
dations that can be exacerbated by FI, including cost of food, increased caloric requirements,
single income household, transportation, and cost of housing, utilities, and healthcare. A
recent study by our team showed that people with CF living in and near food deserts, a risk
factor for FI, had increased odds of with a non-ideal lower BMI or weight-for-length [12].
It has also been noted that FI contributes to greater healthcare costs and financial strain,
particularly when looking at patients with chronic disease [17]. Food-insecure individuals
with inflammatory bowel disease had higher “financial toxicity”, defined as “financial
hardship due to medical bills, personal and health-related financial distress, cost-related
medication nonadherence, and healthcare affordability [18]”.

FI is intricately associated with socioeconomic status (SES), and studies have shown
an increased risk of mortality from CF before the age of 18 years in people with lower
SES [19–21]. People with CF, particularly those with FI, report high rates of cost-related
medication underuse, delayed health care visits, and eating less [22]. Additionally, a recent
study linked respiratory health in people with CF to state- and area-level characteristics,
particularly an association with area resource deprivation and overall state child health [23].
With these prior studies in mind, our results help us understand further why individuals
with CF might have difficulty in adhering to dietary recommendations, which can lead to
poor health overall. While SES screening can be challenging, universal FI screening may
uncover those struggling to adhere to CF dietary recommendations.

Another important factor that most participants felt contributed significantly to their FI
was the COVID-19 pandemic, which has led to unprecedented levels of FI due to increased
food prices, disrupted community support networks, increased rates of unemployment
and school/daycare closures [24,25]. The pandemic has also led to increased reports of
worse mental health and self-care in food-insecure persons with CF [26]. The CFF recently
conducted a national survey to assess trends in FI screening and interventions prior to
and during the pandemic. FI screening increased during the pandemic and demonstrated
an overall increase in FI rates, exceeding the national average in some centers. Some
pediatric programs reported that 20% to 43% of their patients experienced FI during
the pandemic [27].

We found that embarrassment about FI status often led to decreased disclosure to
CF teams. The role of stigma in food inequities is understudied and is manifested at the
individual and structural level [28]. A recent study examining the relationship between FI
and adults’ experiences of neighborhood safety and discrimination during the COVID-19
pandemic showed that food-insecure adults reported higher rates of interpersonal racism
and disrespect compared to food-secure adults [29].

Patient-provider communication is key when discussing FI, and provider education
is paramount. Physicians are trained to manage acute and chronic illness but are often
less adept at screening and addressing social determinants of health (SDH), creating a
significant gap in comprehensive care. As SDH, such as FI, contribute to health outcomes,
medical training should incorporate SDH to improve provider comfort and competence in
addressing FI thoroughly and sensitively. By building appreciation for the underlying social
structures that contribute to poor health outcomes, such training can improve providers’
cultural competency [30]. Recognizing the need for good patient-centered communication
on this topic, the CFF recently published a discussion guide for CF providers related to FI.
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This study did have limitations. We interviewed a small sample of participants (al-
though thematic saturation was reached with our sample size of 20), which may limit
generalizability. Additionally, one-quarter of our sample was recruited from CV, leading
to self-selection bias with increased engagement, as these participants are active in CF
advocacy and research. Additionally, there was unintentional lack of heterogeneity in par-
ticipants’ race/ethnicity, as most participants were White, resulting in a limited perspective
from minority groups. Given that most of our participants were recruited from one center,
there was little geographic diversity that might account for differences in how CF care
centers approach FI screening and discussions; however, 25 percent of study participants
were recruited through CV, which does include geographically diverse participants and
can account for possible differences in how FI is approached by different CF care teams and
regions. The positionality of the interviewer, particularly employment (i.e., physician), may
have influenced the interview interactions, as participants may have been embarrassed
sharing FI experiences; however, participants were aware that the interviewer was a physi-
cian prior to enrolling in the study, and many expressed gratitude that a physician was
involved in a study exploring FI.

5. Conclusions

Results from this study will inform future larger investigations on the impact of FI
on CF health and aide in the design and planning of targeted interventions and advocacy
efforts. Findings may also be applicable to other chronic diseases that are impacted by nu-
trition. By gaining the perspectives of these individuals, we can develop patient-, provider-
and systems-based interventions, including educational resources, provider training, and
standardized screening practices.
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Abstract: Background: Muscle ultrasonography of the quadriceps rectus femoris (QRF) is a technique
on the rise in the assessment of muscle mass in application of nutritional assessment. The aim of the
present study is to assess the usefulness of muscle ultrasonography in patients with cystic fibrosis,
comparing the results with other body composition techniques such as anthropometry, bioelectrical
impedance analysis (BIA), dual-energy X-ray absorptiometry (DXA), and handgrip strength (HGS).
At the same time, we intend to assess the possible association with the nutritional and respiratory
status. Methods: This was a prospective observational study in adult patients with cystic fibrosis in a
clinically stable situation. Muscle ultrasonography of the QRF was performed, and the results were
compared with other measures of body composition: anthropometry, BIA, and DXA. HGS was used
to assess muscle function. Respiratory parameters were collected, and nutritional status was assessed
using Global Leadership Initiative on Malnutrition (GLIM) criteria. Results: A total of 48 patients
were included, with a mean age of 34.1 ± 8.8 years. In total, 24 patients were men, and 24 patients
were women. Mean BMI was 22.5 ± 3.8 kg/m2. Mean muscular area rectus anterior (MARA) was
4.09 ± 1.5 cm2, and mean muscular circumference rectus was 8.86 ± 1.61 cm. A positive correlation
was observed between the MARA and fat-free mass index (FFMI) determined by anthropometry
(r = 0.747; p < 0.001), BIA (r = 0.780; p < 0.001), and DXA (r = 0.678; p < 0.001), as well as muscle
function (HGS: r = 0.790; p < 0.001) and respiratory parameters (FEV1; r = 0.445, p = 0.005; FVC:
r = 0.376, p = 0.02; FEV1/FVC: r = 0.344, p = 0.037). A total of 25 patients (52.1%) were diagnosed with
malnutrition according to GLIM criteria. Differences were observed when comparing the MARA
based on the diagnosis of malnutrition (4.75 ± 1.65 cm2 in normo-nourished vs. 3.37 ± 1.04 in
malnourished; p = 0.014). Conclusions: In adults with cystic fibrosis, the measurements collected
by muscle ultrasound of the QRF correlate adequately with body composition techniques such as
anthropometry, BIA, DXA, and handgrip strength. Muscle ultrasound measurements, particularly
the MARA, are related to the nutritional status and respiratory function of these patients.

Keywords: ultrasonography; muscle ultrasound; muscle mass; cystic fibrosis; malnutrition; GLIM criteria

1. Introduction

Cystic fibrosis (CF) is a disease caused by the alteration of a single gene located on the
long arm of chromosome 7—the CFTR gene (regulator of the transmembrane conductance
of cystic fibrosis). It consists of a multisystemic disease in which CFTR protein dysfunction
causes alteration of ion transport in the apical membrane of epithelial cells in different
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organs and tissues. It is the most frequent life-threatening disease, with recessive Mendelian
inheritance, in the Caucasian population [1].

Until a few years ago, CF was considered to be associated with malnutrition because
it was practically always present at the time of diagnosis, and because the vast majority of
patients suffered a deterioration in their nutritional status and died severely malnourished.
Currently, the prevalence of malnutrition has decreased notably, although figures close to
25% continue to be reported in both children and adults [2], reaching up to 40% depending
on the tool used [3].

Malnutrition affects the respiratory muscles and, thus, lung function, decreases ex-
ercise tolerance, and leads to immunological alteration. In both children and adults, it
behaves as a predictive risk factor for morbidity and mortality and deterioration in quality
of life [4–8]. In relation to lung function, there seems to be a clear interrelation between mal-
nutrition and its deterioration, as well as chronic colonization (especially by Pseudomonas),
which is accentuated with age. This is why nutritional intervention can, in addition to
improving nutritional parameters, slow down the progressive decline in lung function.

Although, until recently, the recommendations focused mainly on achieving adequate
weight, height, and body mass index (BMI) [9], the need to also assess fat-free mass and
its functionality is currently highlighted, since its decrease is associated with a worse
prognosis [4,5,7,8]. In fact, there is an increasing prevalence of overweight and obesity in
CF, particularly in the era of modulator therapies [10]. Nevertheless, it is possible to be
obese or overweight and have a depletion in fat-free mass. The decrease in fat-free mass
has been associated with an increase in systemic inflammation that is observed in these
patients [11].

Therefore, in patients with cystic fibrosis, it is recommended to collect body com-
position measurements [5,12]. To do this, different tools are available. The simplest and
cheapest techniques would be the measurement of skinfolds and circumferences (at least
the triceps skinfold and brachial circumference) and bioelectrical impedance analysis (BIA).
Both techniques have been validated in CF [13,14]. Other useful methods to measure body
compartments (less used due to their greater complexity and cost) are dual-energy X-ray ab-
sorptiometry (DXA), which could be considered the “gold standard” available to clinicians
(also validated in CF), and other more complex ones such as computerized tomography
(CT), magnetic resonance (MR), and the doubly labeled water technique [5,15–18].

In our series of adults with cystic fibrosis, we have been carrying out some of these
body composition assessment techniques. Using BIA, 16.2% of our patients presented a
low fat-free mass, compared to 17.7% using anthropometry and increasing to 37.6% using
DXA [19].

In 2018, Global Leadership Initiative on Malnutrition (GLIM) criteria [20] were pro-
posed for the diagnosis of malnutrition. These criteria include as a novelty the evaluation
of muscle mass, proposing the use of the aforementioned techniques. However, there are
other techniques for assessing muscle mass, both directly and indirectly, which are not
presented as the first choice in the consensus. One of the techniques not originally included
in the GLIM criteria is muscle ultrasonography of the quadriceps rectum (QRF), although
its recommendation is recently beginning to be assessed [21]. This technique has been
used since the 1980s to assess muscle status, but its use for diagnosing malnutrition is
not as widespread. There are studies suggesting that this technique is reliable and less
susceptible to errors due to swelling or inflammation than other techniques used in clinical
practice such as BIA [22,23], in addition to having as an advantage over DXA or CT the
absence of radiation [22]. In short, it is a simple, bloodless, and accessible technique to
assess body composition in patients at risk of malnutrition or malnourished. And its
use is on the rise [23,24], although there are presently no cutoff points described for the
diagnosis of malnutrition, or its prognostic value in relation to complications has not been
described [25]. Muscle ultrasonography has previously been used to assess muscle mass in
children with cystic fibrosis [26], but there is currently no study that evaluated its use in
the adult population.
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Taking into consideration the above, the diagnosis and prevention of malnutrition
are essential in patients with CF, paying special attention to muscular body composition,
for which a simple, accessible, and reliable method is needed that can be performed as a
routine analysis in consultation, such as muscle ultrasound of the QRF [27].

Our hypothesis is that muscle ultrasonography could be an appropriate technique for
measuring muscle mass in the nutritional assessment of patients with cystic fibrosis, and
that it would have good agreement with other diagnostic tools for estimating muscle mass
and strength.

Thus, the aim of the study was to assess the usefulness of muscle ultrasonography in
the diagnosis of malnutrition in patients with cystic fibrosis, comparing the results with
other body composition techniques such as anthropometry, handgrip strength, BIA, and
DXA. At the same time, we intend to assess the possible association with the nutritional
and respiratory status during patient follow-up.

2. Materials and Methods

We designed a prospective observational study of routine clinical practice. Adult
patients with a diagnosis of cystic fibrosis in a situation of clinical stability assessed at
the Nutrition Unit of the UGC of Endocrinology and Nutrition of the Hospital Regional
Universitario de Malaga were selected, coinciding with the annual study that is usually
carried out.

2.1. Anthropometric and Body Composition Parameters

Weight was assessed through BIA (scale mode, weight function; TANITA MC980MA)
and height was obtained using a stadiometer (Holtain limited, Crymych, UK). With these
two values, BMI was calculated.

BIA was performed with TANITA MC980MA (TANITA Corporation, Tokyo, Japan),
providing information about total body composition (phase angle and fat-free mass).

Dual-energy X-ray absorptiometry (DXA) was performed using a Lunar Prodigy
Advance densitometer (General Electric Medical Systems). Fat-free mass was recorded.
The software used was EnCore 12.3 (iDXA and Prodigy Advance).

The skinfolds assessed were the triceps, biceps, subscapularis, and supra-iliac using a
Holtain constant pressure caliper (Holtain Limited, Crymych, UK). The same investigator
(N.P.) performed the measurements in triplicate for each of the skinfolds assessed, and
the mean was calculated. Fat mass and fat-free mass (FFM) were estimated according to
the formulas of Siri and Durnin [28,29]. Age, sex, weight, and the sum of four skinfolds
(triceps, biceps, supra-iliac, and subscapular) were taken into account in the formula.

The fat-free mass index (FFMI) was calculated for anthropometry, BIA, and DXA.
Muscle strength was assessed using a Jamar dynamometer (Asimow Engineering Co.,

Los Angeles, CA, USA) and was performed in the dominant hand, repeated three times.
The mean was calculated.

2.2. Muscle Ultrasonography of the Quadriceps Rectus Femoris (QRF)

Muscle ultrasonography of the QRF was performed on the nondominant lower extrem-
ity with the patient in a supine position, using a 10–12 MHz probe and a multifrequency
linear matrix color Esaote MyLab Gamma (Esaote, Genova, Italy). The probe was aligned
perpendicular to the longitudinal and transverse axis of the nondominant QRF. The evalua-
tion was performed without compression at the level of the lower third from the superior
pole of the patella and the anterior superior iliac spine, measuring the X- and Y-axis
(transverse muscle thickness), circumference (CMR), cross-sectional area (MARA), and
transverse subcutaneous adipose tissue (cm) (SCAT) [30]. The index of the muscle to height
(cm2/m2) (MARAI) was calculated. The ultrasonography was performed by the same
person (G.O.) who was familiar with the technique. Three measurements were performed
for each parameter, and the mean was calculated.
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2.3. Assessment of Nutritional Status

A nutritional assessment was performed according to GLIM criteria. For achieving
a diagnosis of malnutrition, the presence of at least one phenotypic criterion and one
etiologic criterion was required [20]. The following phenotypic criteria were evaluated:
more than 5% unintentional weight loss in 6 months, a low BMI (BMI below 20 kg/m2),
or a decrease in muscle mass determined by DXA (gold standard). Regarding etiological
criteria, reduced intake and reduced assimilation were assessed, especially the existence of
pancreatic insufficiency. Lastly, chronic disease-related inflammation was assessed using
the Glasgow Prognostic Score [31].

2.4. Assessment of Respiratory Status

The exacerbations recorded during the annual examination were assessed, taking into
consideration those happening in the year prior to the evaluation. Such exacerbations were
classified into mild/moderate or severe (suggestive symptoms that worsen and require
hospitalization and/or intravenous antibiotics on an outpatient basis). Moreover, patients
underwent forced spirometry using a JAEGER pneumotachograph (Jaeger Oxycon Pro®,
Erich Jaeger, Würzberg, Germany), following the Sociedad Española de Neumología y
Cirugía Torácica (SEPAR) guidelines and determining the values of forced vital capacity
(FVC), forced expiratory volume in 1 s (FEV1), and the ratio between both (FEV1/FVC).
The values were expressed in absolute terms in mL and as percentages according to a
reference population [32]. Initial colonization by microorganisms was analyzed, taking into
account their appearance in sputum (at least three positive occurrences), regardless of their
persistence at the time of the study. Measurement of the mean amount of sputum produced
daily (in milliliters) was evaluated following the protocol of Martínez-García et al. [33].

2.5. Statistical Analysis

Quantitative variables were expressed as the mean ± standard deviation. The distribu-
tion of quantitative variables was assessed using the Kolmogorov–Smirnov test. Differences
between quantitative variables were analyzed using Student’s t-test and, for variables not
following a normal distribution, using nonparametric tests (Mann–Whitney). The associa-
tions of the variables were evaluated by estimating the Pearson or Spearman correlation
coefficient, according to normality. For calculations, significance was set at p < 0.05 for
two tails.

Evaluations of the diagnostic performance of muscle ultrasound variables to detect
malnutrition according to GLIM criteria were based on the receiver operating characteristic
(ROC) curves and the area under the curve (AUC). We estimated the accuracy of these
measurements using AUC by plotting sensitivity versus 1 − specifity. ROC curves were
used to determine the optimal cutoff values by finding the point maximizing the product
of sensitivity and specificity. Data analysis was performed using the JAMOVI software
(version 2.2.2, Jamovi project, 2020).

2.6. Ethics

All subjects gave their informed consent for inclusion before they participated in the
study. The study was conducted in accordance with the Declaration of Helsinki, and the
protocol was approved by the Research Ethics Committee of Malaga on 30 March 2021
(reference number #30032021).

3. Results

A total of 48 patients were included. They had a mean age of 34.1 ± 8.8 years. Of the
sample, a total of 24 were men (50%) and 24 were women (50%). Half of the individuals were
heterozygous for ΔF508, and 77% had pancreatic insufficiency. Furthermore, 18 patients
(37.5%) presented disease-related inflammation (Glasgow prognostic score > 0).

According to the BMI, only 8.3% of women and 12.5% of men had malnutrition
(BMI less than 18.5 kg/m2). In the application of the GLIM criteria for the diagnosis of
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malnutrition, we found that seven patients (14.5%) had lost more than 5% of their weight
in the previous 6 months, and 13 patients (27%) had a BMI below 20 kg/m2.

Using DXA as a determinant of muscle mass, 20 patients (41.7%) had an FFMI below
the cutoff points (61.1% of women and 23.5% of men). With these data, 25 patients (52.1%)
were diagnosed with malnutrition according to GLIM criteria (64% of women and 36%
of men).

Table 1 shows the general characteristics and respiratory status of the sample, as well
as its adjustment for nutritional status.

Table 1. General characteristics and respiratory status, adjusted by nutritional status.

Overall Normo-Nourished Malnourished p-Value

n = 48 n = 23 n = 25

Age (years) m ± SD 34.1 ± 8.8 35 ± 8.8 32.9 ± 8.9 0.43

Gender n (%)

Men 24 (50) 15 (62.2) 9 (36)

Women 24 (50) 8 (34.8) 16 (64) 0.02

Mutation n (%)

Homozygous for ΔF508 11 (22.9) 6 (26.1) 5 (20)

Heterozygous for ΔF508 24 (50) 9 (39.1) 15 (60)

Negative for ΔF508 13 (27.1) 8 (34.8) 5 (20) 0.26

Cystic fibrosis-related
diabetes [34] n (%) 25 (52.1) 11 (47.8) 14 (56) 0.68

Pancreatic insufficiency n (%) 37 (77.1) 17 (73.9) 20 (80) 0.76

Bronchorrhea (mL) m ± SD 22 ± 22.5 20.5 ± 24.1 22.3 ± 20.3 0.81

Total exacerbations m ± SD 0.63 ± 0.93 0.73 ± 1.03 0.54 ± 0.83 0.51

Severe exacerbations m ± SD 0.13 ± 0.4 0.18 ± 0.5 0.08 ± 0.28 0.41

FEV 1 (%) m ± SD 59.4 ± 24.1 65.7 ± 22.6 52.5 ± 24.5 0.09

FVC (%) m ± SD 67.6 ± 19.8 70.3 ± 18.4 64.5 ± 21.3 0.38

FEV1/FVC (%) m ± SD 0.69 ± 0.11 0.73 ± 0.09 0.64 ± 0.11 0.01

Colonizations n (%) 41 (87.2) 21 (91.3) 20 (80) 0.13

Pseudomonas aeruginosa 37 (77.1) 19 (82.6) 18 (72) 0.14

Staphylococcus aureus 38 (79.2) 20 (86.9) 18 (72) 0.10

Haemophilus influenzae 23 (47.9) 12 (52.2) 11 (44) 0.47

m: mean; SD: standard deviation; FEV1: forced expiratory volume in 1 s; FVC: forced vital capacity.

3.1. Body Composition and Other Anthropometric Measurements

Table 2 shows the values of the morphofunctional study performed on the subjects,
including anthropometry, BIA, DXA, handgrip strength, and the results of the muscle
ultrasound parameters.

3.2. Correlation between Ultrasound and Other Anthropometric and Body
Composition Measurements

Table 3 shows the correlation between the muscle ultrasound parameters and other
morphofunctional parameters.
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Table 2. Body composition parameters.

Men (n = 24) Women (n = 24) p-Value

BMI (kg/m2) Mean ± SD 23.2 ± 4.2 21.8 ± 3.4 0.21

Triceps skinfold (mm) Mean ± SD 9.26 ± 4.4 17.3 ± 5.6 p < 0.001

Arm muscle circumference (cm) Mean ± SD 24.8 ± 2.4 20.5 ± 2.4 p < 0.001

Fat-free mass (anthropometry) (kg) Mean ± SD 54.1 ± 7.1 39.1 ± 5.8 p < 0.001

FFMI (anthropometry) (kg/m2) Mean ± SD 18.9 ± 1.9 15.6 ± 1.4 p < 0.001

Phase angle (◦) Mean ± SD 6.07 ± 0.6 5.02 ± 0.54 p < 0.001

Fat-free mass (BIA) (kg) Mean ± SD 54.4 ± 8.1 38.6 ± 5.7 p < 0.001

FFMI (BIA) (kg/m2) Mean ± SD 18.9 ± 2.2 15.4 ± 1.5 p < 0.001

Fat-free mass (DXA) (kg) Mean ± SD 51.8 ± 6 37.3 ± 6 p < 0.001

FFMI (DXA) (kg/m2) Mean ± SD 18.2 ± 1.4 14.6 ± 1.6 p < 0.001

Handgrip strength (kg) Mean ± SD 38.3 ± 7.1 23.8 ± 5.5 p < 0.001

Muscular area rectus anterior (MARA) (cm2) Mean ± SD 4.97 ± 1.4 3.11 ± 0.89 p < 0.001

Muscular area index (MARAI) (cm2/m2) Mean ± SD 1.73 ± 0.48 1.24± 0.34 p < 0.001

X-axis (cm) Mean ± SD 3.96 ± 0.52 3.1 ± 0.41 p < 0.001

Y-axis (cm) Mean ± SD 1.47 ± 0.33 1.16 ± 0.31 p < 0.001

Muscular circumference rectus (cm) Mean ± SD 9.93 ± 1.26 7.73 ± 1.03 p < 0.001

Subcutaneous adipose tissue (SCAT) (cm) Mean ± SD 0.55 ± 0.28 1.11 ± 0.38 p < 0.001

BMI: body mass index; SD: standard deviation; FFMI: fat-free mass index; BIA: Bioelectrical impedance analysis;
DXA: dual-energy X-ray absorptiometry.

Table 3. Correlations between ultrasound and other morphofunctional parameters.

MARA
(cm2)

MARAI
(cm2/m2)

X-Axis (cm) Y-Axis (cm)
Muscular

Circumference
(cm)

SCAT (cm)

BMI (kg/m2)
r = 0.385
p = 0.008

r = 0.339
p = 0.02

r = 0.183
p = 0.217

r = 0.380
p = 0.008

r = 0.280
p = 0.057

r = 0.330
p = 0.023

Fat-free mass
(anthropometry) (kg)

r = 0.747
p < 0.001

r = 0.574
p < 0.001

r = 0.688
p < 0.001

r = 0.554
p < 0.001

r = 0.736
p < 0.001

r = −0.381
p = 0.009

FFMI (anthropometry)
(kg/m2)

r = 0.712
p < 0.001

r = 0.642
p < 0.001

r = 0.605
p < 0.001

r = 0.568
p < 0.001

r = 0.659
p < 0.001

r = −0.286
p = 0.009

Fat-free mass (BIA) (kg) r = 0.780
p < 0.001

r = 0.612
p < 0.001

r = 0.703
p < 0.001

r = 0.607
p < 0.001

r = 0.763
p < 0.001

r = −0.405
p = 0.006

FFMI (BIA) (kg/m2)
r = 0.774
p < 0.001

r = 0.710
p < 0.001

r = 0.635
p < 0.001

r = 0.660
p < 0.001

r = 0.714
p < 0.001

r = −0.325
p = 0.029

Phase angle (◦) r = 0.695
p < 0.001

r = 0.675
p < 0.001

r = 0.578
p < 0.001

r = 0.623
p < 0.001

r = 0.632
p < 0.001

r = −0.589
p < 0.001

Fat-free mass (DXA) (kg) r = 0.670
p < 0.001

r = 0.505
p = 0.002

r = 0.480
p = 0.004

r = 0.616
p < 0.001

r = 0.677
p < 0.001

r = −0.570
p = 0.005

FFMI (DXA) (kg/m2)
r = 0.678
p < 0.001

r = 0.567
p < 0.001

r = 0.491
p = 0.003

r = 0.576
p < 0.001

r = 0.680
p < 0.001

r = −0.610
p = 0.002

Handgrip strength (kg) r = 0.790
p < 0.001

r = 0.687
p < 0.001

r = 0.718
p < 0.001

r = 0.625
p < 0.001

r = 0.779
p < 0.001

r = −0.589
p < 0.001

MARA: muscular area rectus anterior; MARAI: muscular area index; SCAT: subcutaneous adipose tissue;
BMI: body mass index; FFMI: fat-free mass index; BIA: bioelectrical impedance analysis; DXA: dual-energy
X-ray absorptiometry.
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The correlation between the muscle ultrasonography measurements and BMI, al-
though statistically significant, was weak.

A statistically significant correlation was found between the fat-free mass determined
by anthropometry and the muscle ultrasound variables, highlighting a good correlation
with the muscular area rectus anterior (MARA) (r = 0.747; p < 0.001, Figure 1a) and rectus
muscular circumference (r = 0.736; p < 0.001, Figure 1b). Likewise, a negative correlation
was observed between subcutaneous adipose tissue and fat-free mass, a finding that also
occurred in the remaining morphofunctional parameters (Table 3).

Regarding the BIA measurements, statistically significant correlation was found be-
tween the fat-free mass determined by anthropometry and the muscle ultrasound variables,
highlighting a good correlation with the muscular area rectus anterior (MARA) (r = 0.780;
p < 0.001, Figure 1c) and rectus muscular circumference (r = 0.763; p < 0.001, Figure 1d)
(Table 3).

Fat-free mass determined by DXA also achieved a statistically significant positive
correlation with ultrasound measurements, as did MARA (r = 0.670; p < 0.001, Figure 1e)
and muscular circumference (r = 0.677; p < 0.001, Figure 1f) (Table 3).

3.3. Correlation between Ultrasound and Muscle Strength

Handgrip strength showed a good correlation with the ultrasound measurements
of MARA (r = 0.790; p < 0.001; Figure 2a) and muscle circumference (r = 0.779; p < 0.001;
Figure 2b).

3.4. Respiratory Variables

Table 4 shows the correlations between the ultrasound measurements and the different
respiratory variables.

Table 4. Correlations between the ultrasound measurements and the different respiratory variables.

Total
Exacerbations

Severe
Exacerbations

FEV1 (%) FVC (%) FEV1/FVC (%)

Muscular area rectus anterior
(MARA) (cm2)

r = 0.019
p = 0.89

r = 0.161
p = 0.286

r = 0.445
p = 0.005

r = 0.376
p = 0.02

r = 0.344
p = 0.037

Muscular area index (MARAI)
(cm2/m2)

r = 0.052
p = 0.730

r = 0.148
p = 0.326

r = 0.328
p = 0.044

r = 0.299
p = 0.068

r = 0.234
p = 0.164

X-axis (cm) r = 0.019
p = 0.899

r = 0.092
p = 0.545

r = 0.279
p = 0.090

r = 0.270
p = 0.101

r = 0.107
p = 0.530

Y-axis (cm) r = −0.057
p = 0.708

r = 0.038
p = 0.801

r = 0.444
p = 0.005

r = 0.398
p = 0.013

r = 0.350
p = 0.034

Muscular circumference
rectus (cm)

r = −0.016
p = 0.917

r = 0.069
p = 0.646

r = 0.348
p = 0.032

r = 0.304
p = 0.064

r = 0.214
p = 0.203

Subcutaneous adipose tissue
(SCAT) (cm)

r = 0.122
p = 0.420

r = 0.072
p = 0.634

r = −0.065
p = 0.698

r = −0.015
p = 0.931

r = −0.224
p = 0.183

FEV1: forced expiratory volume in 1 s; FVC: forced vital capacity.
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Figure 1. Correlation between MARA and muscle circumference and fat-free mass determined by
BIA (a,b), anthropometry (c,d), and DXA (e,f). MARA: muscular area rectus anterior.
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Figure 2. Correlation of handgrip strength with MARA (a) and muscle circumference (b). MARA:
muscular area rectus anterior.

3.5. Nutritional Status

A comparison between muscle ultrasound parameters according to the nutritional
status of the patient is shown in Table 5. Significant differences were found between
normo-nourished and malnourished patients in the measures of MARA (4.75 ± 1.65 cm2

vs. 3.37 ± 1.04 cm2, p = 0.014) and Y-axis (1.45 ± 0.36 cm vs. 1.17 ± 0.28, p = 0.010).

Table 5. Differences between muscle ultrasound parameters according to nutritional status.

Normo-Nourished
(n = 21)

Malnourished
(n = 27)

p-Value

Muscular area rectus anterior (MARA) (cm2) m ± SD 4.75 ± 1.65 3.37 ± 1.04 p = 0.014

Muscular area index (MARAI) (cm2/m2) m ± SD 1.71 ± 0.51 1.28 ± 0.36 p = 0.016

X-axis (cm) m ± SD 3.74 ± 0.65 3.37 ± 0.61 p = 0.279

Y-axis (cm) m ± SD 1.45 ± 0.36 1.17 ± 0.28 p = 0.010

Muscular circumference rectus (cm) m ± SD 9.48 ± 1.69 8.26 ± 1.34 p = 0.097

Subcutaneous adipose tissue (SCAT) (cm) m ± SD 0.73 ± 0.37 0.95 ± 0.46 p = 0.872

m: mean; SD: standard deviation.

Using the ROC curve, we determined the MARA cutoff points for predicting malnu-
trition (Figure 3). ROC curve analysis showed that MARA had a significant discriminative
ability to detect malnutrition. The MARA cutoff for malnutrition diagnosis was 2.97 cm2,
with AUC = 0.664 (sensitivity 72.7% and specificity 69.2%), in women and 4.71 cm2, with
AUC = 0.732 (sensitivity 68.8% and specificity 85.7%), in men.
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Figure 3. ROC curve analyses for muscular area rectus anterior (MARA) to detect malnutrition.

4. Discussion

To our knowledge, this is the first study to include the assessment of muscle ultrasonog-
raphy of QRF in adult patients with cystic fibrosis. We found that muscle ultrasonography
correlates with handgrip strength and body composition measurement techniques such
as BIA, DXA, and anthropometry in patients with cystic fibrosis. In turn, we found an
association between this tool and nutritional status and respiratory parameters.

Malnutrition and muscle mass depletion are related to an increase in complications and
a worse prognosis in patients with cystic fibrosis. To assess the nutritional status of patients
with cystic fibrosis, it is necessary to perform measurements of body composition beyond
BMI. We used muscle ultrasonography to assess body composition as it is a simple, accessi-
ble technique, and free of radiation. Our study found a good correlation between muscle
ultrasound measurements and the remaining morphofunctional assessment techniques,
consolidating the results of previous studies [35]. As expected, there were differences in
the ultrasound measurements of men and women in all the parameters measured.

Previous studies found that the prevalence of low FFM is high in adult CF patients,
despite a normal BMI [3]. In our study, we observed a low correlation of the BMI with the
ultrasound parameters. BMI was especially related to the amount of body fat mass. We
also found an association of a similar magnitude with the subcutaneous adipose tissue of
the leg, which suggests that this isolated measure does not adequately define the amount
of total body fat.

However, muscle ultrasound measurements did show a good correlation with fat-free
mass, using both BIA and anthropometry. The ultrasound parameters that best correlated
with estimated FFM were MARA and muscle circumference. On the other hand, an associa-
tion was also found between ultrasound and phase angle, a biomarker for malnutrition,
hydration, and inflammatory status [36]. Muscle ultrasound could, therefore, be a reliable
technique that helps to quantify the active cell mass, which could justify the evolutionary
monitoring of the nutritional status in patients with cystic fibrosis together with the other
morphofunctional assessment techniques.

Although DXA is considered the “gold standard” in the clinic for estimating fat-free
mass, the ultrasound parameters showed slightly lower correlations than those observed
with the other techniques. Other previous works have pointed out differences in the
estimation of fat-free mass between DXA and BIA and anthropometry in patients with
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CF [37], finding some overestimation in FFM using skinfold measurements and BIA [38].
Similar findings have been reported in patients with bronchiectasis [39].

Handgrip strength is a muscle assessment technique that is a good functional and
global health status marker. It is a good marker of renutrition [40], and it has been shown
that it can be used as a determinant of muscle mass in the application of the GLIM cri-
teria [41]. In our study, we found a strong correlation with the muscle ultrasound mea-
surements, even higher than with the techniques described above. These findings would
support the claim that handgrip strength is a good estimator of muscle mass [42], despite
not being recommended for muscle assessment according to the last guidelines [21]. In
our experience, handgrip strength is associated with the nutritional status and respiratory
parameters (lung function and exacerbations) in patients with CF [43], results similar to
those found with muscle ultrasound in the present study. This fact postulates muscle
ultrasound, as well as HGS, as a good predictor of the nutritional and respiratory status of
patients with cystic fibrosis.

In our study, we found an association between muscle ultrasound parameters (espe-
cially the MARA and Y-axis) and respiratory function parameters. Even without being
able to establish causal relationships, patients with lower muscle mass determined by
ultrasound seemed to have worse FEV1, FVC, and FEV1/FVC values. This finding was
previously described in patients with low muscle strength [44,45] or poor results in anthro-
pometry, BIA, and DXA [8,15,40,46]. In this case, muscle ultrasonography is postulated as
a good predictor of respiratory function, although further studies are needed.

To our knowledge, this is the first study to show the prevalence of malnutrition in
adult patients with CF applying the GLIM criteria. Malnourished patients presented worse
muscle ultrasound values, again best represented on the MARA and Y-axis. In previous
studies, it was reported that malnourished patients with CF presented worse handgrip
strength values [43]. Regarding the ability of the MARA to establish cutoff points for
malnutrition according to GLIM criteria, it should be noted that the cutoff points offered
by the ROC curve were close to the MARA means obtained in our measurements. This
could be justified because almost half of the patients were malnourished according to GLIM
criteria. This does not coincide with the prevalence previously reported [2], where muscle
mass was not included. In our previous series, the prevalence of low fat-free mass was
high (almost 50% especially in women) in adult patients with CF, despite having a normal
BMI [3]. Therefore, the use of malnutrition diagnostic tools that include measurement of
muscle mass is especially relevant in these patients.

This study had some limitations. It was a cross-sectional study, which prevented us
from extracting causal conclusions; thus, we could only speculate on different associations.
Moreover, it was a single-center study on a moderate number of participants. On the
other hand, the muscle ultrasound measurement technique is not yet universally accepted,
as nutritional ultrasound is considered to be a developing technique, lacking population
reference values and widespread cutoff points [35].

Nonetheless, as strengths of our study, we highlight that all measurements were
performed by a single, experienced observer using standardized methodology [30]. Fur-
thermore, several body composition techniques were used, from the most accessible to
the gold standard in clinical use, which enhances the reliability of the results and brings it
closer to clinical practice.

In conclusion, in adults with cystic fibrosis, the measurements collected by muscle
ultrasonography of the quadriceps rectus femoris correlate adequately with body com-
position techniques such as anthropometry, BIA, DXA, and handgrip strength. Muscle
ultrasound measurements, particularly the MARA and Y-axis, are related to the nutritional
status and respiratory function of these patients. It is a simple, accessible, reliable, low-cost,
and noninvasive technique that could be used to assess the muscle mass of these patients,
helping to diagnose malnutrition and monitor the evolution in patients with CF. However,
further studies are required to provide information on normal values and widespread
cutoff points.
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Abstract: Background: Numerous abnormalities in cystic fibrosis (CF) could influence tocopherol
absorption, transportation, storage, metabolism and excretion. We hypothesized that the oxidative
distress due to inflammation in CF increases vitamin E utilization, which could be positively influ-
enced by supplemental vitamin C administration. Methods: Immediately before and after receiving
vitamin C (500 mg) twice daily for 3.5 weeks, adult CF patients (n = 6) with moderately advanced
respiratory tract (RT) disease consumed a standardized breakfast with 30% fat and a capsule contain-
ing 50 mg each hexadeuterium (d6)-α- and dideuterium (d2)-γ-tocopheryl acetates. Blood samples
were taken frequently up to 72 h; plasma tocopherol pharmacokinetics were determined. During
both trials, d6-α- and d2-γ-tocopherols were similarly absorbed and reached similar maximal plasma
concentrations ~18–20 h. As predicted, during vitamin C supplementation, the rates of plasma
d6-α-tocopherol decline were significantly slower. Conclusions: The vitamin C-induced decrease
in the plasma disappearance rate of α-tocopherol suggests that vitamin C recycled α-tocopherol,
thereby augmenting its concentrations. We conclude that some attention should be paid to plasma
ascorbic acid concentrations in CF patients, particularly to those individuals with more advanced RT
inflammatory disease and including those with severe exacerbations.

Keywords: vitamin E; carboxyethyl hydroxy chromanol (CEHC); stable isotope-labeled vitamin E

1. Introduction

Cystic Fibrosis (CF) is a genetic disorder, affecting approximately 40,000 people in the
US and more than 160,000 world-wide [1,2]. Mutations in the Cystic Fibrosis Conductance
Regulator (CFTR) gene give rise to decreased functional CFTR in epithelial cells, leading to
desiccated and hyperviscous respiratory tract (RT) and gastrointestinal tract secretions [3].
Hallmarks of the disease include compromised RT mucociliary clearance, microbial infec-
tion and an exaggerated inflammatory response mainly by a florid RT neutrophilia and
activations of neutrophil proteolytic and oxidative processes [4–6]. These latter processes
are believed to play a central role in the progressive lung tissue destruction seen in CF, as
indicated by strong evidence of active proteolytic [6–8] and oxidative [9–19] processes seen
in RT of CF patients.

Nutritional deficiencies, in large part secondary to abnormalities of bile acid home-
ostasis and exocrine pancreatic insufficiency [20,21], represent important contributors to
the CF clinical manifestations. Although current CF managements (replacement pancreatic
lipase and lipophilic vitamin supplements) address the resulting severe lipid malabsorption
and fat-soluble vitamin deficiencies associated with pancreatic insufficiency, these are only
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partially effective. There remain uncertainties as to the magnitudes of the absorption and
plasma kinetics of lipophilic nutrients. Vitamin E is particularly relevant in CF because
α- and γ-tocopherols represent major dietary chain breaking, lipophilic antioxidants. α-
Tocopherol deficiency, in particular, is known to have deleterious clinical consequences in
CF [22–24].

Many in vitro experimental models have convincingly documented interactions be-
tween the important lipophilic antioxidant, vitamin E, and the major hydrophilic antiox-
idant, vitamin C (ascorbic acid) [25–29]. The primary mechanism for this interaction is
that the lower reduction potential of vitamin C is capable of reducing the accessible oxida-
tive free radical of vitamin E (tocopheroxyl radical) in membranes [30], thus regenerating
vitamin E [27]. This “recycling” phenomenon becomes of clinical relevance under cir-
cumstances of severe inflammatory processes known to generate reactive oxidants. This
phenomenon could compromise ascorbic acid concentrations [31,32] and impact the ca-
pability to regenerate the tocopheroxyl radical. As ascorbic acid concentrations relate
inversely to biomarkers of inflammation in CF [33], interplays of vitamin C and vitamin
E could be of potential importance in this disease, particularly during periods of acute,
infective exacerbations.

Our group has previously studied tocopherol pharmacokinetics in smokers, another
group of subjects under considerable RT oxidative stress from inhalation of free radicals
contained in cigarette smoke (CS) and subsequent RT inflammation-related oxidative
injury [34–37]. Using deuterium-labeled α-tocopherol biokinetics similar to those used in
the present studies, we showed that smokers compared to non-smokers exhibit a significant
25% decrease in the plasma α-tocopherol half-life (t 1

2 ) [37]. We further showed in another
group of smokers and non-smokers that the smokers t 1

2 clearance rates for α-tocopherol
were 40% faster than non-smokers, that the accelerated vitamin E plasma disappearance
rates in smokers were inversely correlated with their ascorbic acid concentrations, and that
the administration of a vitamin C supplement could decrease smokers’ accelerated plasma
disappearance rates so as to be not significantly different that those of non-smokers while
also decreasing their markers of lipid peroxidation [35–37].

Considering this background, it seemed appropriate to further quantitate the phar-
macokinetics and metabolism of α- and γ-tocopherols in a small, representative group
of adults with CF and considerable inflammatory RT disease, using a repeated measures
design where participants serve as their own controls. Our focus is on the interplay of
vitamin C supplementation on α- and γ-tocopherols plasma pharmacokinetics.

2. Materials and Methods

2.1. Participant Characteristics

Participants with CF (n = 6, ages 23–31 years y, 3 females and 3 males) were recruited
from the UC Davis Adult CF Clinic. All subjects met diagnostic criteria for CF. No other
specific inclusion or exclusion criteria were specified. All participants were deemed to be
compliant with their standard outpatient CF regimens and all appeared to be clinically sta-
ble. The study protocol was approved by the institutional review boards for the protection
of human subjects at UC Davis (#200715896-3) and at Oregon State University (OSU IRB
protocol #3988). All participants gave written, informed consent. Studies were conducted
prior to patients receiving either CFTR potentiator or corrector therapy, as described below.
The clinical trial was carried out in 2008–2009 prior to requirements for listing in Clinical
Trials.gov.

2.2. Deuterium-Labeled Vitamin E

α-5,7-(CD3)2 tocopheryl acetate (d6-α-tocopheryl acetate) and unlabeled α-tocopheryl
acetate (d0-α-tocopheryl acetate) were kind gifts from Dr. James Clark of Cognis Nutrition
and Health. γ-3,4-(D) tocopheryl acetate (d2-γ-tocopheryl acetate) was prepared from
γ-tocopherol labeled with two deuterium atoms, as described [38]. The d6-α- to d2-γ-
tocopherol molar ratio was determined by liquid chromatography/mass spectrometry
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(LC/MS) to be 0.98. The internal standard used for mass spectroscopy, α-5,7,8-(CD3)3
tocopheryl acetate (d9-α-tocopheryl acetate), was provided by Dr. Carolyn Good of The Bell
Institute of Health and Nutrition, and was synthesized by Isotec, Inc. (Miamisburg, OH, USA).

2.3. Study Design and Blood Sampling

In brief, the protocol included a preliminary screening visit with an initial plasma
inflammatory “profile” and clinical exam. The protocol was explained in detail to the six
volunteers, who gave written informed consent at the UC Davis Translational Research
Clinical Center at the Mather VA Hospital, Sacramento, CA, USA. A blood sample was
obtained, and the participants were instructed to maintain their ordinary and usual lifestyle,
CF management regimens, habitual diets, including their pancreatic-lipase, and A, D, E,
and K vitamin preparations (no record of specific formulations is available). They were
asked to not partake of any additional non-conventional complimentary nutritional supple-
ments beyond their prescribed high-calorie nutritional supplements. General demographic
data, pulmonary function, and respiratory tract cultures of the participants were obtained
within 90 days of the 3 study visits and routine clinic hospital clinical laboratory blood
measurements (Table 1). The clinical laboratory measured vitamin A as retinol and vitamin
D as 25-hydroxyvitamin D by standard protocols.

Table 1. CF participant demographics.

#
Age

(Years)
Sex CF Genotype BMI

Predicted
FEV1 1

CRP 2

(mg/dL)
WBC Hb HbA1C

Vit. A 3

(mg/L)
Vit. D 4

(ng/mL)
Sputum 5

1 28 M 508/508 20 38 — 5000 14.2 5.1 0.37 20 Pseudomonas
2 32 F 508/508 20 34 2.0 8700 9.8 5.3 0.40 25 Pseudomonas
3 31 M 508/1717 − G → A 22 66 0.2 8000 12.6 5.4 0.72 24 Pseudomonas/S. aureus
4 30 F 508/508 21 46 1.3 8000 12.7 6.5 0.34 29 Pseudomonas/MRSA
5 25 F 508/508 15 30 6.7 7700 12.8 6.6 0.20 34 S. maltophilia
6 23 M 508/711 + 1 G → T 20 47 0.6 15,600 12.4 6.1 0.30 49 Pseudomonas/MRSA

1 forced expiratory volume in 1 s (FEV1), 2 C-reactive protein (CRP), 3 Vitamin A, 4 Vitamin D, 5 Staphylococcus
aureus (S. aureus), methicillin-resistant S. aureus (MRSA), Stenotrophomonas maltophilia (S. maltophilia).

Two weeks after the preliminary screening visit, the subjects returned to the Research
Clinical Center and were provided with a standardized breakfast (600 Kcal with 30% of
the calories from fat), took their standard pancrealipase preparation followed by oral
administration of a capsule containing an equal molar mixture of approximately 50 mg
each of d6-α- and d2-γ-tocopherol acetates. Blood samples (n = 9 per trial) were collected
prior to breakfast and at 3, 6, 9, 12, 24, 36, 48 and 72 h after taking the vitamin E capsule. At
the 72 h visit to the Clinical Center the subjects were given vitamin C (500 mg tablets) to
be taken twice daily for 3 1

2 weeks, at which time they returned to the Clinical Center to
repeat the 72 h vitamin E pharmacokinetic study.

Blood samples were collected from the antecubital vein into evacuated tubes contain-
ing either 0.05 mL 15% (wt:vol) EDTA or sodium heparin (Becton Dickinson, Franklin
Lakes, NJ, USA). Plasma was promptly separated by centrifugation at 4 ◦C for 15 min at
500× g and stored at −80 ◦C until analyzed. After heparinized plasma was separated, an
aliquot was acidified (1:1) with 10% PCA (perchloric acid) containing 1 mM diethylenetri-
aminepentaacetic acid (DTPA). This sample was then centrifuged (5 min, 15,000× g, 4 ◦C)
the supernatant removed, frozen in liquid nitrogen, and stored at −80 ◦C until analysis.

2.4. Laboratory Analyses

Labeled and unlabeled plasma α- and γ-tocopherols were extracted [39] and mea-
sured by liquid chromatography/mass spectrometry (LC/MS) using negative atmospheric
pressure chemical ionization (-APCI) as previously described [34,40]. Plasma ascorbic
acid, following plasma acidification, was measured by HPLC with amperometric detection
as previously described [26]. Plasma triglycerides and total cholesterol were determined
by standard clinical assays (Sigma, St. Louis, MO, USA). Plasma vitamin E catabolites
(CEHCs) were extracted using a modified method [41] and analyzed by LC/MS using
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negative electrospray ionization (-ESI) as previously described [34]. For use as standards
2,5,7,8-tetramethyl-2-(2′-carboxyethyl)-6-hydroxychroman (α-CEHC) and 2,7,8-trimethyl-2-
(β-carboxyethyl)-6-hydroxychroman (γ-CEHC) were obtained (Sigma-Aldrich, St Louis,
MO, USA).

Plasma malondialdehyde (MDA) concentrations were measured as described [42].
Quantitation was done using an external standard of 1,1,3,3-tetraethoxypropane (Sigma)
prepared using the same method. The MDA-TBA adduct was extracted with butanol and
measured by HPLC with fluorometric detection (532 nm excitation and 553 nm excitation).
The TBA-MDA adduct was quantified against the MDA standards.

2.5. Mathematical and Statistical Analyeis

The maximum tocopherol and CEHC concentrations (Cmax) and the time of maximum
concentration (Tmax) were determined by visual inspection of each participant’s data.
Plasma exponential disappearance rates of d6-α-tocopherol, d2-γ-tocopherol and d2-γ-
CEHC were estimated as previously described [34]. Half-lives of these compounds were
calculated as t 1

2 = ln (2)/exponential disappearance rate constant. One-sided, paired t-tests
were used to compare values from the baseline trial to the vitamin C supplemented trial
(Excel, Microsoft). Two-factor analysis of variance with repeated measures was used to
assess changes over time within subjects (Prism 6 for Macintosh, GraphPad). Data are
shown as means ± standard deviation (SD), n = 6, unless as otherwise noted.

3. Results

3.1. Baseline CF Subject Characteristics

Demographic profiles of the six CF participants are as depicted in Table 1. Note that
four persons were homozygous for the most frequent 508/508 genotype [43]. All had
moderate to severe lung function abnormalities based on forced expiratory volume and
all had suboptimal nutritional status as measured by BMIs. Although one subject was a
diabetic requiring insulin administration, all had normal HbA1c values. All subjects had
pancreatic insufficiency, and all were taking conventional doses of pancreatic enzymes and
a standard ADEK lipophilic micronutrient supplement. Vitamins A and D micronutrient
concentrations, as determined in the clinical laboratories within several months of the
study protocol, were generally in the low normal range, whereas inflammatory parameters,
as reflected by the latest C-reactive protein (CRP) in juxtaposition to the study itself,
showed a significant degree of variation. Table 2 depicts the average values of each of
the subjects’ total cholesterol, triglycerides and lipid (sum of cholesterol and triglycerides)
concentrations during the trials, as well as plasma α-tocopherol concentrations prior to
each of the two kinetic studies. Also shown are the calculated ratios of α-tocopherol per
total cholesterol and α-tocopherol per total lipids.

Table 2. The participants’ lipid concentrations during baseline and vitamin C interventions.

Triglycerides
(mmol/L)

Cholesterol
(mmol/L)

Total Lipids
(mmol/L)

α-Tocopherol
(μmol/L)

α-T/Cholesterol
(mmol/mol)

α-T/Lipids
(mmol/mol)

# Baseline Vitamin C Baseline Vitamin C Baseline Vitamin C Baseline Vitamin C Baseline Vitamin C Baseline Vitamin C

1 0.48 0.42 2.61 2.39 3.09 2.82 6.99 5.03 2.66 2.11 2.25 1.80
2 0.41 0.41 3.62 3.30 4.03 3.72 17.91 16.17 4.96 4.89 4.45 4.35
3 0.93 0.87 3.86 3.40 4.79 4.27 20.73 19.08 5.39 5.61 4.34 4.47
4 0.32 0.34 4.34 3.78 4.65 4.13 13.41 15.16 3.09 4.03 2.88 3.69
5 0.28 0.27 2.21 2.15 2.49 2.42 7.18 9.51 3.26 4.42 2.89 3.93
6 0.35 0.28 2.50 2.68 2.86 2.95 8.61 7.72 3.47 2.89 3.05 2.62

Cholesterol and triglyceride concentrations did not differ significantly between the two trials; however, their sum
shown as total lipids (3.65 ± 0.97 vs. 3.38 ± 0.76) was slightly lower during the vitamin C (Vit C) intervention
(p = 0.0467). Plasma unlabeled α-Tocopherol (α-T), α-T/cholesterol and α-T/lipids were not significantly different
between the two interventions. Lipid levels were not used to modify vitamin E pharmacokinetics.

3.2. Efficacy of Vitamin C Supplementation

The baseline pharmacokinetic trial (control) was carried out, followed by 3.5 weeks
of vitamin C supplementation, then the pharmacokinetic trial was repeated. Vitamin C
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supplements were effective in increasing plasma ascorbic acid concentrations (p = 0.0023,
Figure 1a). MDA was measured to assess oxidative stress; these values were not signif-
icantly changed between the two trials (Figure 1b), although they were somewhat lover
after vitamin C supplementation.

(a) (b) 

Figure 1. The efficacy of vitamin C supplementation in CF participants. Plasma concentrations of
ascorbic acid (a) and malondialdehyde (b) during pharmacokinetic trials. Shown are the means (±SD,
n = 6) of the average concentrations measured from plasma samples collected at 0, 3, 6, 9, 12, 24, 48,
72 h from each participant.

3.3. Vitamin E Pharmacokinetics

Plasma α- and γ-tocopherol concentrations measured during the trials were low
(Table 3) and on average are in the deficient range [44]. Only one participant (#3) had
values of ~20 μmol/L; the others ranged from 5 to 16 μmol/L, suggesting that the vitamin
E supplementation was inadequate.

Participants consumed the deuterated tocopherols with a standard breakfast, then
blood samples were taken up to 72 h. A representative subject’s data illustrates that both
deuterated α- and γ-tocopherols were similarly absorbed and appeared in the plasma with
similar maximum concentrations (Figure 2). Vitamin C supplementation had no impact
on the time of maximum concentrations (Tmax and Cmax) for either of the tocopherols
(Table 3). Importantly, however, the exponential disappearance rates of α-tocopherol
disappearance from the plasma were significantly slower (p < 0.05) during the vitamin C
supplementation (Table 3).

The half-lives, calculated from the exponential disappearance rates, show that α-
tocopherol has a half-life that is nearly double that of γ-tocopherol (Figure 3). Vitamin
C supplementation prolonged the retention of α-tocopherol in the plasma, but not that
of γ-tocopherol. Vitamin C supplementation had no effect on the rates of disappearance
of either γ-tocopherol or its catabolite, γ-CEHC. It should be noted that not only were
γ-tocopherol rates of disappearance rapid, they were also similar to those of γ-CEHC,
suggesting the importance of vitamin E catabolism of γ-tocopherol, even in vitamin E
deficient persons.

The entire data set were also calculated based on percentage labeled of either the total
plasma α- or of γ-tocopherol concentrations, respectively. The purpose was to verify that
the low plasma α-tocopherol concentrations observed in some participants did not affect
the exponential rates of disappearance. The individual responses shown in Figure 3b,c il-
lustrate the changes in response to vitamin C supplementation. Specifically, the exponential
disappearance rates for d6-α-tocopherol were slower, but those for d2-γ-tocopherol were
unchanged by vitamin C supplementation. These outcomes are similar to the responses to
vitamin C supplementation that were observed when the rates were calculated based on
plasma d6-α- and d2-γ-tocopherol concentrations.
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Table 3. The vitamin E concentrations and pharmacokinetic parameters.

Intervention

Plasma Baseline Vitamin C Paired t-Test

α-Tocopherol Average concentration
(μmol/L plasma)

12.5 ± 5.9 12.1 ± 5.5 NS
γ-Tocopherol 0.52 ± 0.38 0.60 ± 0.51 NS

α-CEHC * Average concentration
(μmol/L plasma)

0.12 ± 0.09 0.19 ±0.08 NS
γ-CEHC 0.47 ± 0.53 0.59 ± 0.80 NS

d6-α-Tocopherol 1

Cmax (μmol/L) 0.27 ± 0.15 0.32 ± 0.13 NS
Tmax (h) 19.5 ± 7.0 17.5 ± 7.5 NS

Disappearance rate
(pools per day) 0.65 ± 0.14 0.50 ± 0.10 p = 0.0263

AUC 9.78 ± 5.57 12.04 ± 4.38 NS

d2-γ-Tocopherol

Cmax (μmol/L) 0.20 ± 0.10 0.30 ± 0.22 NS
Tmax (h) 15.5 ± 6.7 11.5 ± 1.2 NS

Disappearance rate
(pools per day) 1.54 ± 0.50 1.42 ± 0.55 NS

AUC 4.59 ± 3.14 5.66 ± 2.77 NS

d2-γ-CEHC
n = 5

Cmax (μmol/L) 0.20 ± 0.14 0.22 ± 0.10 NS
Tmax (h) 16.2 ±7.2 12.0 ± 0 NS

Disappearance rate
(pools per day) 1.25 ± 0.72 1.61 ± 0.79 NS

The data shown is calculated from n = 6 participants. Plasma labeled and unlabeled α- and γ-tocopherols were
measured simultaneously in the same sample. Plasma labeled and unlabeled α- and γ-CEHCs were measured
simultaneously in a separate analysis from the tocopherols. * Unlabeled γ-CEHC was detectable in all subjects’
samples. No d6-α-CEHC was detected in any plasma sample and several samples had no detectable unlabeled
α-CEHC. During the baseline trial, α-CEHC was undetectable at multiple times in subjects 1 (once), 5 (at all times)
and 6 (twice); while during the vitamin C trial α-CEHC was undetectable in all plasma samples in subjects 1, 5, and
6. During the baseline trial, subject 1 had no detectable d2-γ-CEHC, so this subject’s data is not included for d2-γ-
CEHC averages shown in the table (n = 5). 1 The d2-γ- and d6-α-tocopherol disappearance rates were different
(p < 0.001) from each other in each trial, while the Cmax were not different, indicating similar absorption, but
faster disposition of d2-γ-tocopherol. The fast disposition was also supported by the d2-γ-CEHC disappearance
rates, which were similar to those of d2-γ-tocopherol.

(a) (b) 

Figure 2. The plasma d6-α- (a) and d2-γ-tocopherol (b) concentrations at baseline and after vitamin
C supplementation (representative participant, #3). Plasma-labeled and unlabeled tocopherols were
measured by LC/MS from blood samples periodically collected up to 72 h. Filled symbols denote
baseline, open symbols denote vitamin C pharmacokinetics trial. Lines indicate post-peak exponential
decay curves. The d2-γ-tocopherol rates of disappearance were so fast that the slopes were no longer
linear after 36 h; thus, a second curve was fit to the data. Neither slope was altered by vitamin C
status; only the slope from Tmax is reported.
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(a) (b) (c) 

Figure 3. The plasma half-lives in hours for d6-α- and d2-γ tocopherols and d2-γ CEHC. Half-lives
indicate the length of time for half of the indicated compound to leave the plasma compartment (a).
Individual data shows disappearance rates (pools per day) by person (b) d6-α tocopherol; (c) d2-γ
tocopherols). The rates shown are based on the percentage labeled to demonstrate that the baseline
tocopherol concentrations did not impact the outcomes.

4. Discussion

Vitamin C and E, representing the major dietary hydrophilic and lipophilic antioxidant
micronutrients, respectively, have long been known to interact as elegantly demonstrated
in chemical in vitro studies [27] and in selected clinical studies [35,37]. The current study
demonstrates that, similar to our previous findings in cigarette smokers [35,37], this in-
terrelationship can be demonstrated in moderately severe stable chronic suppurative CF
RT disease patients. Importantly, the plasma concentrations observed in CF in response
to a 50 mg dose of each d6-α- and d2-γ-tocopheryl acetates were much lower than ob-
served in healthy subjects in other studies. For example, Bruno et al. reported that healthy
adults with plasma α-tocopherol of approximately 20 μmol/L, who consumed 22 mg d6-
α-tocopheryl acetate with increasing levels of fat, showed a peak plasma d6-α-tocopherol
concentration of 5.6 ± 1.2 μmol/L (Table 2, ref. [45]). The participants with CF reported
herein (Table 3) received a 50 mg dose of d6-α-tocopheryl acetate, but their maximum
d6-α-tocopherol concentration was 10-times lower—approximately 0.5 μmol/L. Leonard
et al. also tested a 50 mg dose of each d6-α-tocopheryl acetate and d2-γ-tocopherol in
healthy adults. They reported that plasma d2-γ-tocopherol peaked at lower concentrations
(p < 0.001; 2.2 ± 1.2 μmol/L than did d6-α-tocopherol (6.0 ± 2.6 μmol/L) [34]. Again, these
concentrations are 10-times higher than those reported herein, suggesting that vitamin E
absorption in participants with CF was impaired. Notably, the average plasma α-tocopherol
concentrations in the present study (Table 2) were at or near the deficient level, even when
corrected for circulating lipid levels [44].

Vitamin E deficiency in humans can be devastating due to its neurologic consequences.
Thus, supplemental vitamin E doses are larger than dietary recommendations for normal
healthy persons [44]. Vitamin E deficiency symptoms were first described in children
with fat malabsorption syndromes, principally abetalipoproteinemia, cystic fibrosis and
cholestatic liver disease [46]. Subsequently, humans with severe vitamin E deficiency with
no known defect in lipid or lipoprotein metabolism were found to have a defect in the gene
for the α-tocopherol transfer protein (α-TTP). This syndrome is called “Ataxia with Vitamin
E Deficiency” or AVED. The neurologic abnormalities due to vitamin E deficiency in AVED
are described as a progressive sensory neuropathy that can be halted and in some cases
reversed by vitamin E supplements. Enormous daily supplemental α-tocopherol amounts
(>100 mg/kg body weight) given long-term can overcome the lack of apoB-lipoproteins in
abetalipoproteinemia [47], to prevent neurologic disease progression [48] and to prevent
oxidative damage [49]. Similarly, supplemental α-tocopherol (1000 mg/day) can prevent
progression of neurologic defects in AVED [50]; one patient has been reported to be stable
for over 30 years [51]. Persons with fat malabsorption due to impaired biliary secretion
generally do not absorb orally administered vitamin E. They are treated with special forms
of vitamin E, such as α-tocopheryl polyethylene glycol succinate, which spontaneously
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form micelles, obviating the need for bile acids [52]. Previous studies have suggested that
vitamin E supplements needed to be 400 mg daily in order to raise CF plasma concentrations
in adults to approximately 20 μmol/L [53].

Only one of the CF participants studied herein had plasma α-tocopherol concentrations
at this normal level. Winklhofer-Roob et al. showed in children (average age 9.2 years)
with CF that after an overnight fast, 100 mg α-tocopheryl acetate given with whole milk
and an optimized dose of pancreatic enzymes (sufficient to correct fat maldigestion),
showed a plasma α-tocopherol increase of nearly 10 μmol/L [54]. Despite the apparent low
absorption in the present study, the fractional disappearance rates (0.5 pools/day) reported
herein for CF post-vitamin C supplementation (Table 3) are similar to those reported for
healthy participants (0.49–0.56 pools per day [45]). Previously, doses as low as 1 to 2 mg
have been used successfully for measuring vitamin E kinetics [55,56]. Thus, the absorbed
dose size, based on previous studies, does not impact disappearance rates.

As shown in Figure 2 and Table 3, we did indeed demonstrate significant synergism
between α-tocopherol and vitamin C. It is particularly important to note that the stable CF
patient group, prior to their vitamin C supplementation, had adequate plasma ascorbic
acid concentrations (~60 μmol/L), which increased with supplementation to ~80 μmol/L.
Moreover, none of the participants experienced clinical exacerbations during the study.

4.1. Nuances for the CF Community

The CF care community has long been aggressively focused on the needs for antiox-
idant micronutrient supplements [12–14,16,17,57–59], and particularly for the needs for
lipophilic antioxidants such as vitamin E [17,18,23,24,60–63]. Under strong inputs from the
CF Foundation scientific community [14,16], a revised version of a micronutrient antiox-
idant cocktail was designed and is now marketed with this increased need in mind [58].
Although studies have shown CF patients [33]; like smokers [64], have low or low normal
levels of vitamin C, no augmentations of vitamin C were included in the new formula-
tion. The recent report of significant improvements in the endothelial dysfunction of CF
patients, as reflected by increases in measured brachial artery flow mediated dilatation
after ingestion of an antioxidant cocktail containing 1000 mg of vitamin C, suggests that
present supplemented antioxidants may not be optimized [65].

Although it is known that CF exacerbations are associated with increases in their
baseline levels of oxidative stress [66,67] accompanied by further decreases in their levels
of antioxidant micronutrients, including vitamin E [33,66,68], the existing CF exacerbation
treatment guidelines do not address needs for increased antioxidant supplements during
exacerbations [58,69–71].

Of note, the CF community has already recognized the value of standard of care
monitored measurements of the lipophilic vitamins A, D, and E and probably would
measure vitamin C, if easily determinable in a clinic or hospital setting. The emerging data
from both smokers and critically ill patients [72–75] suggest the probable value of including
vitamin C measurements and augmentations in CF patients undergoing hospital care for
severe exacerbations due to their acute effects on chronic airway septic exacerbations. These
severe CF exacerbations are frequently accompanied by nutritional deficiencies. To date,
such measurements are usually not done because of the technological challenges of accurate
ascorbic acid determinations in clinical laboratories which have not been widely used to
determine ascorbic acid concentrations [75].

A prospective study to determine whether vitamin C supplementation in CF would be
beneficial, particularly in those CF patients with advanced and/or exacerbated RT disease,
should be considered, much as has been proposed for anti-inflammatory agents [76] and
done for the case of doxycycline [77].

4.2. Limitations

Several limitations to the scope of the present study in a small number of CF partici-
pants should be mentioned. Most CF patients are now on revolutionary CFTR potentiator
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and/or corrector therapies and these are likely to exert impacts on vitamin E pharma-
cokinetic via potential effects on bile and pancreatic secretions, enterocyte functions and
modulations of the intensity of RT inflammatory processes [78–85]. No attempts were
made in the present study to relate plasma tocopherol kinetics to either parameters of RT
or systemic inflammation/oxidative stress or to acute or chronic CF exacerbations. Finally,
it should be recognized that interrelationships between vitamins E and C, as revealed by
kinetics in the plasma compartment, are not likely to reflect the degrees of their interde-
pendence in other extracellular sites. For example, considerable evidence supports the
concept that oxidative processes are taking place in the RT of CF patients [10,16]. The goal
of antioxidant micronutrient therapy in severe CF RT disease would seem more likely to
restore proper levels in RT itself rather than plasma ascorbic acid concentrations. Caution
needs to be exercised in extrapolations of their interdependence from blood to such complex
redox milieu as exists in the inflamed CF RT.

5. Conclusions

Our major finding was that vitamin C potentiates the biological availability of vitamin
E in the plasma compartment of CF patients with advanced but stable RT inflammatory
disease. This outcome supports previous observations made in cigarette smokers who
are known to have CS-related RT inflammatory changes. It would seem to be clinically
prudent for CF clinicians and nutritionists to recognize the importance of dietary and
supplemental vitamin C levels and their possible impact on plasma α-tocopherol kinetics
in their patients who are undernourished and/or experiencing severe exacerbations of their
CF RT inflammatory disease.
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Abstract: Background: The issue of vitamin metabolism in children with cystic fibrosis screen positive,
inconclusive diagnosis (CFSPID) is not well known. The aim of this study was to determine the status
of vitamins A, D, E, and C in the blood of a group of children with CFSPID. Material and Methods: A
total of 89 children were enrolled in the study (Me: 3.6 years, 52.8% boys), as follows: 28 with CFSPID,
31 with CF (cystic fibrosis), and 30 HC (healthy children). Their blood concentrations of vitamins
A, D, E, and C, and their dietary intake of these vitamins were analysed in the study groups on the
basis of a three-day food diary. Results: The patients with CFSPID had significantly higher serum
vitamin D (p = 0.01) and E (p = 0.04) concentrations, compared to the children with CF. None of the
children with CFSPID revealed vitamin A or E deficiencies. Patients with CF had been consuming
significantly higher vitamin D and E amounts (p = 0.01). The vitamin concentrations did not depend
either on the pancreatic/liver function or on anthropometric parameters. In total, 32.14% of patients
with CF did not cover the baseline recommended calorie intake, and 53.6% and 36% did not take
the recommended vitamin E and vitamin A intake, respectively. Conclusion: Children with CF and
CFSPID did not fully cover the dietary recommendations for vitamin supply, but vitamin deficiency
was found only in CF.

Keywords: vitamin A, D, E, and C; CFSPID; cystic fibrosis; inconclusive diagnosis

1. Introduction

Cystic fibrosis (CF) is the most common autosomal, recessively inherited monogenic
disease in the Caucasian population. It is estimated that the prevalence of the disease in
Poland is 1:4394–5000 of live births [1]. So far, more than 2000 mutations of the CFTR gene
have been detected, which can be divided into six classes, depending on the molecular
abnormality, with some mutations belonging to more than one class [2,3]. In 2008, a classi-
fication was proposed, taking into account the clinical significance of the mutations [4,5].
The screening test model for newborn screening (CF NBS) has been changing over the
years. Since 2011, the IRT (immunoreactive trypsinogen/trypsin)/DNA/EGA (extended
gene analysis) model, which allows the detection of 95% of mutant alleles in the Polish
population, has been implemented in Poland. Based on an extended DNA analysis, we
can detect not only cystic fibrosis patients but also mutated gene carriers, patients with
CFTR-dependent diseases, and children with CFSPID.

The definition of CFSPID (cystic fibrosis screen positive, inconclusive diagnosis) in-
cludes children with a positive neonatal screening, in whom cystic fibrosis cannot be
unequivocally confirmed due to the following: the absence of symptoms of the disease;
the presence of the CFTR gene mutation that is of, as yet, unknown clinical significance;
and/or an abnormal sweat test result, but less than 60 mmol/L. Children with CFSPID
constitute a challenge for CF specialists. The natural history of CFSPID is still unclear.
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There are no standardized protocols or predictors of reclassification from CFSPID to CF
or a CFTR-related disorder. The increase in sweat chloride concentration with age may be
associated with a risk of reclassification [6]. There is clear evidence that infants with an
intermediate sweat chloride value are more likely to convert to a CF diagnosis through a
rise in subsequent sweat values or clinical features [7]. The reported rate of conversion or
reclassification from a CRMS (cystic fibrosis transmembrane conductance regulator-related
metabolic syndrome)/CFSPID designation to a CF diagnosis varies from 6% to 48% [8].

It is commonly known that there is a deficiency of fat-soluble vitamins in the group
of children with cystic fibrosis. Fat-soluble vitamin deficiency is present even in 10–35%
of children with CF and pancreatic insufficiency [9]. The issue of vitamin metabolism in
children with cystic fibrosis screen positive, inconclusive diagnosis (CFSPID) is not well
known. To our knowledge, none of the prior studies have comprehensively assessed the
vitamin and nutritional status of children with CFSPID. So far, the diet and the implemen-
tation of nutritional recommendations in this group of children have not been analysed.
Prognostic markers to determine the risk of reclassification from CFSPID to CF are still
being researched. The early diagnosis of fat-soluble vitamin deficiency in this group of
children would encourage the modification of dietary recommendations and the imple-
mentation of treatments earlier to prevent long-term complications. Currently, children
with CFSPID are only followed up.

The aim of this study was to determine the status of vitamins A, D, E, and C in the
blood of a group of children with CFSPID, in relation to children with CF and to healthy
controls, and to analyse the relationship of those vitamins with selected markers of the
pancreatic and liver functions of the studied patients.

2. Materials and Methods

A total of 89 children, aged 2 months to 17 years, were included in the analysis (Me
(median) = 3.6 years.; the IQR (interquartile range) was 1.06–7.64; and 52.8% were boys).
They were treated at the department of paediatrics and at the outpatient clinic for the
treatment of cystic fibrosis, of the Upper Silesian Children’s Medical Centre, in Katowice,
Poland. The patients were divided into the following 3 groups: CFSPID (n = 28), CF
(n = 31), and a control group—healthy children (n = 30). The group with CFSPID consisted
of children with a positive CF NBS result, with two mutations of the CFTR gene, including
at least one of which had unclear phenotypic consequences. Those children who did
not meet the diagnostic criteria for CF, who were not chronically ill, and who had acute
infections were excluded. The CF group included children with 2 CF-causing mutations
in both alleles of the CFTR gene, confirmed by sweat test. Those children were in a good
clinical condition, without exacerbations during the previous 3 months and without other
concomitant diseases or Peudomonas aeruginosa colonisation.

In the patients with CFSPID and CF, several assays were carried out, including faecal
elastase (by ELISA), serum pancreatic lipase, ALT, AST, GGT, bile acids, and total choles-
terol level. The cholesterol concentration was used as an input to calculate a standardised
serum vitamin E concentration, as α-tocopherol/cholesterol ratio, which should, ultimately,
exceed 5.4 mg/g in paediatric patients with CF [10]. Biochemical tests were performed by
standard methods. In addition, vitamin A, D, E, and C concentrations were determined in
all the 3 study groups. The concentrations of vitamins A and E, vitamin C, and 25(OH)D
were determined by HPLC, the kinetic-spectrophotometric method [11], and the chemi-
luminescent method, respectively (see the range of standards in Appendix A). A fasting
blood sample was collected in the morning. Faecal elastase was measured at the time of
admission to the study.

Children’s dietary history was also analysed from the last 3 days before the samples
for laboratory tests were collected and vitamin supplementation was assessed during the
previous 3 months before inclusion into the study. Portion size and the weight of consumed
meals and snacks were taken into account. Both the calorie content of the meals and the
vitamin A, D, E, and C content in the diet were calculated. In the CFSPID group, energy
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requirements were assumed as for healthy peers with moderate physical activity and on
the basis of dietary standards for the Polish population. The recommended daily allowance
(RDA) for vitamins A, E, and C, and the adequate intake (AI) for vitamin D and infant
vitamins were considered [12,13]. In the CF group, the percentage of use of the daily energy
requirement, meeting the recommendations for CF patients, was considered, and was taken
as 120% of the recommended energy supply vs. healthy peers [14]. No dietary history was
obtained from 3 CF patients. A programme from the kcalmar.com platform was used to
calculate the nutrient content of the diet.

Anthropometric measurements (body weight and body height) were taken in line with
the current measurement techniques. Based on the following data: age, sex, weight, and
height, the BMI z-score and z-scores for weight and height of the subjects were calculated.
According to WHO, weight deficiency was diagnosed, when the BMI z-score was ≤−2 SD,
SD values ≥ 1 were taken as borderline for overweight, and SD ≥ 2 for obesity. A similar
reference range of z-score values was adopted for weight and height [15].

The authors analysed the presence and type of mutations in the CFTR gene in children
with CFSPID and CF, taking into account the clinical significance of the mutation and the
co-occurrence of the F508del mutation (homo-, heterozygotes, and other/other).

Statistical analysis: Quantitative variables were presented as median and interquartile
range (IQR) values, and qualitative variables were presented by means of absolute values
and percentages. The normality of distribution was verified using the Shapiro–Wilk test.
When comparing the differences in the assessed parameters between the study groups,
in case of the normal distribution of numerical data, Student’s t-test was used and, in
cases when distribution deviated from normal, the analysis was performed using the non-
parametric Mann–Whitney test. Comparing the differences in the assessed parameters
between more than two study groups, in the case of normal distribution, one-way analysis
of variance was used. For significant variables, the Bonferoni test was used, and with a
distribution that was different from normal—the analysis was carried out using the non-
parametric test. For statistical evaluation of differences in the frequency of the analysed
characteristics, the chi2 test (with or without Yates’ correction) or Fisher’s exact test was
used, depending on the size of the groups. For correlation analysis, depending on the
distribution and type of variables, the Spearman correlation test or the Pearson correlation
test was used. A p value < 0.05 was accepted as the threshold for statistical significance.
The study was approved by the Biotics Committee of the Silesian Medical University in
Katowice, Resolution No. KNW/0022/KB1/9/I/16, of 06.06.2016.

3. Results

3.1. Characteristics of the Groups

The study groups showed no statistically significant differences in terms of age and
gender (p > 0.05). See Table 1 for the nutritional status data of the individual subjects. No
significant correlation was observed among the concentrations of vitamins A, D, E, and
C, or between the gender and the z-score of the weight, height, and BMI (p > 0.05) of the
participants.

Table 1. Nutritional status of the study groups.

Obesity n (%) Overweight n (%) Normal Body Weight n (%) Body Underweight n (%) p

CFSPID 0 6 (21.4) 17 (60.7) 5 (17.9)

0.574CF 0 4 (12.9) 18 (58.1) 9 (29.0)

HC 1 (3.3%) 5 (16.7) 20 (66.7) 4 (13.3)

3.2. Results of Laboratory Tests

In all the children with CFSPID (100%), the faecal elastase (FE-1) concentrations were
within their normal limits of >500 μg/g of faeces. In the CF group, 29 (93.54%) children
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had abnormal elastase levels—<200 μg/g of stools—which were indicative of pancreatic
exocrine dysfunctions. In two children with CF, the faecal elastase concentrations were
>200 μg/g of faeces. These were girls, aged three and seven years, with CFTR gene
mutations, G542X/3272-26A→G and F508del/3272-26A→G, respectively. The other results
were within the reference norms or slightly above the age limits. This was not relevant to
the study. Neither in the CFSPID nor in the CF groups was there any significant correlation
observed between pancreatic and liver function exponents and the blood levels of vitamins
A, D, E, and C (p > 0.05)

3.3. Vitamins

In most of the children, vitamin A, D, E, and C concentrations remained in the normal
range. None of the children with CFSPID showed any significant deficiency of fat-soluble
vitamins, and only two children demonstrated suboptimal levels of vitamin D. Regarding
vitamin D, the vast majority of the subjects with CFSPID and the healthy children had
optimal vitamin D levels (30–50 ng/mL). Most deficient (<20 ng/mL) and suboptimal
vitamin D concentrations (20–30 ng/mL) were observed among the children with CF, in 5
(16.1%) and 14 (45.2%), respectively. The differences were statistically significant (p = 0.001).
No vitamin A excess was noted in any of the children. Vitamin E deficiency in the study
group was found in only two (6.5%) children with CF (siblings); however, taking into
account the α-tocopherol/cholesterol ratio, the percentage was higher and amounted to
seven (22.6%). The vitamin A, D, E, and C status among the children in the study groups is
shown in Table 2.

Table 2. Vitamin A, D, E, and C status among children in the study groups.

Vitamins Vitamin Levels CFSPID CF HC p

A

Normal range n (%) 28 (100) 28 (90.3) 29 (96.7)

0.125Deficient n (%) 0 3 (9.7) 1 (3.3)

Excess n (%) 0 0 0

D

30–50 ng/mL n (%) 22 (78.6) 12 (38.7) 22 (73.3)

0.001
30–20 ng/mL n (%) 2 (7.1) 14 (45.2) 4 (13.3)

<20 ng/mL n (%) 0 5 (16.1) 1 (3.3)

>50 ng/mL n (%) 4 (14.3) 0 3 (10.0)

E

Normal range n (%) 25 (89.3) 27 (87.1) 27 (90.0)

0.330Deficient n (%) 0 2 (6.5) 0

Excess n (%) 3 (10.7) 2 (6.5) 3 (10.0)

C

Normal range n (%) 26 (92.9) 25 (80.6) 26 (86.7)

0.675Deficient n (%) 1 (3.6) 2 (6.5) 1 (3.3)

Excess n (%) 1 (3.6) 4 (12.9) 3 (10.0)

Table 3 shows the distribution of the blood concentrations of particular vitamins.
Children with cystic fibrosis had significantly lower serum levels of vitamin D and

E (although within the normal range), compared to those with CFSPID and the healthy
patients, despite supplementation.

Considering the corrected α-tocopherol/cholesterol concentration, the values of
<5.4 mg/g were observed in seven (22.6%) CF patients, whereas in all the CFSPID children
the ratio was >5.4 mg/g. The vitamin D and vitamin E blood concentration among the
CF, CFSPID and HC, the median and interquartile ranges are presented in Figures 1 and 2,
respectively.
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Table 3. Distribution of vitamin A, D, E, and C blood concentration values among different groups.

Vitamin
CFSPID CF Healthy Children p Post-Hoc

Me IQR Me IQR Me IQR

A 436.7 370.0–496.3 409.4 320.1–514.1 408.8 351.4–509.1 0.669

D 43.3 32.8–48.2 28.3 22.1–33.9 33.3 30.1–38.7 0.001
HC vs. CFSID p > 0.05

HC vs. CF p = 0.004
CFSPID vs. CF p = 0.001

E 12.2 10.4–13.3 7.6 6.3–13.0 12.2 10.4–14.7 0.004
HC vs. CFSID p > 0.05

HC vs. CF p = 0.003
CFSPID vs. CF p = 0.006

α-tocopherol/
cholesterol ratio 8.2 7.0–10.0 6.9 5.5–9.12 - - 0.038

C 46.8 31.4–58.4 48.2 40.2–60.3 49.6 44.2–55.7 0.604

Me—Median, IQR—Inter-Quartile Range.

Figure 1. Vitamin D blood concentration among CF, CFSPID, and HC.

3.4. Dependence of Serum 25(OH)D Metabolite Concentrations on the Season of the Year

The majority of patients had their blood samples taken during the months of May
to October (23 healthy subjects, 22 children with CFSPID, and 21 patients with CF). The
differences in the frequency of the blood sample collection by season were not statistically
significant (p = 0.591). The lowest 25(OH)D metabolite concentrations were observed in the
children with blood samples taken during the winter months (p = 0.024).

3.5. Vitamins in Diet

An analysis of a three-day dietary diary of the CFSPID and CF patients showed the
distribution of vitamins A, D, E, and C in their diets (see Table 4). The patients with CF
consumed significantly more dietary vitamin D and E (p = 0.001). The dietary vitamin
intake and supplementation had no significant effect on the assayed vitamin concentrations
in their blood (p > 0.05). The data are presented in Table 5.
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Figure 2. Vitamin E blood concentration among CF, CFSPID, and HC.

Table 4. Distribution of the content of vitamins A, D, E, and C in diets of particular groups.

CFSPID CF p

Me IQR Me IQR

μg of retinol equivalent/person/24 h 844.8 564.4–1141.4 1114.3 681.1–1502.0 0.171
mg of α-tocopherol

equivalent/person/24 h 6.4 4.4–7.8 13.5 9.5–22.2 0.001

μg of cholecalciferol/person/24 h 1.7 0.8–3.8 5.6 2.7–8.4 0.001
mg of vitamin C/person/24 h 89.8 62.3–129.4 91.1 57.7–136.8 0.882

Me—median; IQR—inter-quartile range.

Table 5. Correlation between vitamin intake (diet and supplementation) and blood vitamin concen-
tration in the groups.

Vitamin
CFSPID CF

R p R p

A 0.1 0.7 0.1 0.3
E 0.1 0.4 0.1 0.6
C 0.1 0.5 0.3 0.1
D 0.3 0.05 0.3 0.1

3.6. Adherence to Dietary Recommendations, Regarding Vitamin Intake

For the children with CFSPID, their dietary vitamin intake standards were established
based on the estimated average requirement (EAR), the recommended dietary allowance
(RDA), and the adequate intake (AI) for the healthy children in the Polish population [12].
These standards can be found in the Appendix A. For the children with CF, the 2002 guide-
lines were used for the statistical calculations regarding the children with CF, according to
Borowitz et al. [16].

The adherence to the recommendations for the daily vitamin intake in the CF and
CFSPID groups is shown in Table 6. No child with CFSPID was significantly deficient in
vitamin A, D or E, although not all the children met their daily requirements for those
vitamins. The differences in the total vitamin intake between the CFSPID and CF groups
were significant only for vitamins D and E (p = 0.001).
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Table 6. Adherence to recommendations for daily vitamin intake in CFSPID and CF groups.

Vit. A p Vit. D p Vit. E p Vit. C p

CFSPID n (%) 24 (85.7%)
0.122

3 (10.7%)
0.001

17 (60.7%)
0.283

25 (89.3%)
0.603

CF n (%) 18 (64.3%) 25 (89.3%) 13 (46.4%) 27 (96.4%)

3.7. Adherence to Dietary Recommendations in CFSPID and CF Groups

European guidelines recommend that energy intake for people with CF range from
120% to 150% of the energy needs of the healthy population of a similar age, sex, and
size [17]. Among the children with CFSPID, 46.5% did not meet their daily caloric require-
ments for healthy children, with moderate physical activity. The vast majority of children
with CF did not take in the recommended number of calories per day during the study
period. In total, 89.28% of patients did not meet 120% of the energy requirements of their
healthy peers, with moderate physical activity. In total, 32.14% of the children with CF
did not meet the baseline recommended caloric intake, yet they did not differ significantly
in anthropometric parameters from the healthy children and those with CFSPID. Those
patients periodically benefited from industrial diet support, but not during this study. A
comparison of the caloric supply between the CFSPID and CF groups is presented in Table 7.
The CF children consumed more calories, but the supply did not differ significantly from
the caloric content in the diet of the children with CFSPID.

Table 7. The daily consumption of calories in the CFSPID and CF groups based on three-day food
records.

CFSPID CF p

Me IQR Me IQR

Daily caloric intake 1051 780–1366 1487 825–2129 0.08
%RDA 105 83–112 101 92–107 0.96

3.8. Correlations in the Groups

When comparing the patients in the CFSPID group with the HC, no statistically
significant differences were found in the concentration of vitamins and other laboratory
parameters, apart from higher 25(OH)D levels in the children with CFSPID (p = 0.043).
Children with CFSPID had a statistically significantly higher concentration of vitamin E,
vitamin D, cholesterol, and lipase, and they had a higher α-tocopherol/cholesterol ratio
compared to the CF patients (p < 0.05). All the collected clinical and laboratory parameters
in the CFSPID group were analysed with the concentration of the determined vitamins. A
statistically significant negative correlation was observed between vitamin A and GGTP
(−0.641, p = 0.018), and between vitamin D and age (R = −0.464, p = 0.015). The other
correlations were statistically insignificant (p > 0.05). A similar analysis was performed
in the CF group. There was a positive correlation between vitamin A and cholesterol
(R = 0.409, p = 0.022); a positive correlation between vitamin E, lipase (R = 0.373, p = 0.039),
and cholesterol (R = 0.495, p = 0.005); a negative correlation between vitamin E and ALT
(R = −0.417, p = 0.022); a positive correlation between vitamin D and body height (R = 0.916,
p = 0.020); and the other correlations were not significant statistically (p > 0.05).

4. Discussion

In our study, neither the CF nor the CFSPID children were significantly different
with respect to the healthy children in terms of their anthropometric measurements. In
the group of patients with CF, this was probably due to the early enzyme replacement
therapy, and to the adequate diet and vitamin supplementation. On the other hand, in
the group of children with CFSPID, this resulted from higher parental awareness, a better
care for a healthy lifestyle, and the absence of any diagnosed metabolic disorders. Despite
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the application of specific dietary recommendations, the deficiency of assayed fat-soluble
vitamins mainly affected the children with CF.

4.1. Vitamin A

The determination of an optimal vitamin A supplementation dose for children with
CF is still a problematic issue. Only since 2016, on the basis of ESPGHAN guidelines, it has
been recommended that we supplement retinol in low doses, increasing them under serum
concentration control until normal values are reached [17]. Previously, the supplemented
dose depended on a child’s age, so both vitamin A deficiency and excess were often
found. A vitamin A deficiency among the CF patients (adults and children) in Poland
was described in approximately 16% of them, and, in Australia, vitamin A deficiency was
described in 11% of the examined children [9,18]. The results of our study are consistent
with the reports of these authors: in our study, we found vitamin A deficiency in almost
10% of the examined children with CF. By contrast, in other publications prior to the
recommendation change, almost no vitamin A deficiency was observed in children and
adults with CF, while vitamin A excess was more often identified [19–21]. Due to the
differences in the supplemented retinol doses, a direct comparison of those results is rather
unfeasible.

In our study, we did not confirm any relationship between vitamin A concentrations
and nutritional status, diet, or supplementation. Neither did vitamin A concentrations
depend on pancreatic exocrine function or liver function. These results were consistent with
the reports of other authors [18,19,21,22]. By contrast, in the study by Maqbool et al., retinol
concentrations inversely correlated with standardised weight and height [21]; however,
in the aforementioned study, the CF patients differed significantly in weight and height,
while the age range of CF subjects also included adults up to 25 years of age.

In our study, most of the children followed the dietary recommendations for vitamin
A intake, either in diet or in supplements, and a significant deficit of that vitamin was
observed only in the group of children with CF. No one was found to have hypervitaminosis
A. In the studies by Brei, Maqbool, and Graham-Maar, the total supply of vitamin A with
food and vitamin preparations was much higher than recommended, resulting in elevated
and even toxic serum vitamin A levels in some patients [20,21,23]. Nowadays, thanks to
the change in the guidelines and the recommended annual monitoring of serum retinol
levels, the toxic effects of vitamin A are no longer observed in children with CF.

4.2. Vitamin D

The guidelines of Polish scientific societies recommend a year-round vitamin D sup-
plementation when skin synthesis is insufficient, especially between September and April.
Depending on latitude, the severity of vitamin D deficiency among the studied children
with CF varies, ranging from 24% in the French study by Munck, to 90% in the US study by
Rovner, AJ [24,25]. Our results are close to the Polish results of Sands’ study [26], where
25(OH)D concentrations <30 ng/mL in children with CF were found in 79% of the group
and, in our study, in 61% of the children with CF. Munck’s publication first investigated
vitamin D concentrations in childrenwith CFSPID, finding a deficit in 18% of the sub-
jects [24]. In contrast, in our study, the children with CFSPID had significantly higher
serum 25(OH)D concentrations than the other subjects, and suboptimal concentrations
were found in only 7.4%. This was mainly due to parental care, adequate sun exposure,
and proper supplementation.

Seasonal variability in vitamin D concentrations and an inverse relationship of vita-
min D concentrations to age were observed both in our study and in previous publica-
tions [27–31]. In our study, we did not confirm any correlation between vitamin D levels
and the nutritional status. This was because the tested groups did not differ significantly
in that particular parameter. We did not confirm any association among vitamin D con-
centrations, and exocrine pancreatic and hepatic function. These results were consistent
with the reports of other authors [29,32,33]. Data on the correlation of vitamin D with other
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fat-soluble vitamins are rather inconclusive. In our study, we demonstrated a positive
correlation between vitamin D and vitamin E, as did Grey et al. [34], while other authors
did not confirm it [29,33].

In our study, all the patients with CF consumed the recommended amount of vitamin
D, yet most of them were found to be deficient in that vitamin. Compared to the synthesis
in the skin, the diet covers a maximum of 20% of the daily vitamin D requirement [35],
therefore, the analysis of the total dietary intake of vitamin D was not sufficient, either for
CF patients or for the other groups. In Munck’s study, a deficiency of vitamin D occurred in
24% of the patients in the cohort with CF—all receiving vitamin supplementation—and in
18% of the inconclusive CF cohort, 60% of whom were receiving a half dosage of fat-soluble
vitamins [24]. There are few recommendations for children with CFSPID, so these children
should consume/supplement vitamin D in doses appropriate for healthy children, taking
into account the duration of their exposure to sun light.

Similarly, as in Rovner’s study, we did not prove any relationship between the dietary
vitamin D content and the serum levels in any of the studied groups [25]. Different results
were obtained by Timmers, but he used the criterion of dividing the ingested dose of
vitamin D kg/body weight [30]. Serum 25(OH)D concentrations also depend on the
variation of the genes involved in vitamin D metabolism. In planning further studies on
the pleiotropic effect of vitamin D, all the previously mentioned variables should be taken
into account.

4.3. Vitamin E

Since α-tocopherol binds to lipids, in order to assess serum vitamin E levels, it seems
more appropriate to calculate the ratio of α -tocopherol to total blood lipids or to cholesterol,
which should, ultimately, exceed 5.4 mg/g in paediatric patients with CF [10,36]. This
should be taken into account, especially among patients with liver disease and adiposity
disorders [37]. In our study, vitamin E deficiency was found in 6.5% of preschool-aged
children with CF (siblings) only, whereas, taking into account the α-tocopherol/cholesterol
ratio, the percentage was higher—22.6%and mainly concerned the school-aged children.
Most authors agree that the prevalence of vitamin E deficiency in CF patients depends
on the age of the subjects and mainly affects older patients [9]. Sapiejka’s results coincide
with ours. α-tocopherol deficiency was found in 8.0% of subjects and in the group of
children at 12–17 years, in 14.8% [38]. Recently, hypervitaminosis E has been more common
than vitamin E deficiency. In our study, an excess of vitamin E was found in each of
the study groups and in a similar proportion, as follows: CF (6.5%), CFSPID (10.7%),
and healthy children (10.0%). These data are comparable to Sapiejka and Woestenenk’s
results in CF patients, being 11.4% and 12%, respectively [38,39]. This can be explained by
Woestenenk’s hypothesis that vitamin E deficiency is more related to chronic inflammation
and exacerbations of lung disease than to dietary deficiencies [39]. Children with CFSPID
and HC, despite their lack of supplementation for vitamin E, showed significantly higher
serum α-tocopherol levels vs. the CF patients (although 89% were within the normal range).

In our study, we did not confirm the relationship between vitamin E concentrations
and nutritional status, diet, supplementation, or liver function, thus, our results were
consistent with the publications by other authors [10,38,40,41]. The results regarding the
correlation of vitamin E concentrations with pancreatic exocrine function, demonstrate
the highest differentiation. In our study, we did not confirm the relationship, either based
on faecal elastase −1 or serum lipase levels, as did other authors [22,42]; however, some
publications have documented such an association [9,40].

Both in our study and in Woestenenk’s publication, the supply of vitamin E in sup-
plements was higher than in the diet of the patients with CF. Although vitamin E intake
among children with CF did not meet the dietary recommendations for CF, a α-tocopherol
deficiency was rarely found [39]. In the presented material, the children with CF consumed
significantly more dietary vitamin E than the children with CFSPID, and α-tocopherol
deficiency was found only among the children with CF. By contrast, in Huang et al.’s study,
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most children with CF followed the CF Foundation guidelines regarding the volume of
supplementation doses, demonstrating higher α-tocopherol concentrations in their blood
serum and a higher α-tocopherol/cholesterol ratio than the children in a control group [10].
These differences resulted from the division of the obtained results into percentiles of the
normal range, which was considered in other studies.

4.4. Vitamin C

There are few reports discussing the issue of water-soluble vitamins in children with
CF and CFSPID. Most publications report no problems with vitamin C deficiency in CF
patients [43]. According to the ESPEN-ESPGHAN-ECFS guidelines, vitamin C should be
supplemented only in the case of its deficiency [17]. Among our patients, plasma vitamin
C deficiency and excess were found in each of the study groups. In our study, we did
not confirm any correlation between vitamin C levels and the nutritional status, or the
pancreatic and liver function exponents, which was consistent with the reports by Brown
RK and Winklhofer-Roob [44,45]. The results of previous analyses have shown that vitamin
C intake covers the dietary standards for the groups studied in Poland [46,47]. In our study,
three children in the CFSPID and one child in the CF group did not meet their vitamin C
requirements. This was not reflected in their plasma vitamin C concentrations and was due
to reduced fruit and vegetable intake vs. their peers. In our study, almost all the children
with CF consumed the recommended vitamin C intake. Similar results were reported in
Back’s study, where the recommendations for vitamin C intake were met by 95% of the
subjects [43]. Although the deficiency of water-soluble vitamins is a marginal problem
among CF patients, it is still present and, thus, requires further research on the prevalence
of this phenomenon in larger numbers of patients.

4.5. Diet Analysis of Children with CFSPID and CF

Our study also assessed adherence to dietary recommendations for energy intake
and dietary vitamin supplementation among CF and CFSPID patients. An analysis of a
three-day food diary showed that 46.5% of CFSPID and 32.14% of CF patients had not met
the recommended daily energy requirements (RDA), respectively.

Those patients periodically benefited from industrial diet support, but not during the
study. Nevertheless, the nutritional status of the studied children with cystic fibrosis was
not significantly different from the other groups. This is, in general, possible by an early
detection of the disease in neonatal screening and by the application of early nutritional
interventions and enzyme replacement therapy. In the Calvo-Lerma study, up to 46% of
children with CF did not take the standard daily dietary energy supply [48]. In our study,
in the group of children with CF, the recommendations for the intake of vitamins E and
A were met by only 46.4% and 64.3% of the patients, respectively, and the recommended
intake of vitamins D and C were also not met by the vast majority of patients, amounting to
90% and more. In the group of children with CFSPID, the recommended amount of vitamin
D in the diet was consumed by only 10.7%, while vitamin E was consumed by 60.7% of the
subjects, and vitamins A and C were also consumed by almost 90% of the patients. The total
vitamin intake in the group of patients with cystic fibrosis had no such significant effects on
serum vitamin concentrations, as they did among the children with CFSPID. There are few
publications that have reported on the adherence to dietary recommendations in a group
of children with CFSPID.

It is important to draw the attention of children with CF and those with CFSPID to
the need of adhering to a balanced, individually tailored diet, supported by appropriate
vitamin supplementation.

5. Summary

The present study limitation includes the year-round food consumption—which shows
varied meals that depend on the season of the year—and the lack of division into groups,
according to vitamin dose and vitamin agent type used (β-carotene or retinol). In the future,
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a study should be attempted with a higher number of patients, with an evaluation of the
effects of supplemented anti-oxidative vitamins on the functions of particular organs. For
the CF patients, preparation should be standardized. In addition, in all groups of children,
the vitamin D supplementation regularity and its preparation type needs to be assessed,
and their time of exposure to sunlight needs to be considered.

Among the advantages of this study is the fact that this is one of the few studies
that has described the phenotype of children with CFSPID [24,49,50]. The obtained data
suggest that in asymptomatic children with CFSPID, despite the lack of routine vitamin
supplementation, we did not observe significant deficits in this area. Currently, there are
no indications for routine vitamin supplementation, other than vitamin D in children with
CFSPID.

A further development of the knowledge about the effects of antioxidant vitamins A,
E, and C, and of the pleiotropic effect of vitamin D on the CFSPID children’s systems and
on CF patients in general, may bring potential benefits and improve their quality of life.

6. Conclusions

Both the children with CF and those with CFSPID did not fully adhere to the dietary
recommendations for vitamin supplies, but a significant vitamin deficiency (mainly of
vitamins D and E) was only found in the group of children with CF. In addition to vitamin
supplementation, cystic fibrosis patients’ vitamin D and E body stores may be affected by
pancreatic exocrine function and by mutations in the CFTR gene.

In children with CFSPID and CF, due to non-adherence to the recommended energy
intake and total dietary vitamin intake, more attention should be paid to the necessity of
adhering to the developed recommendations. Due to the presence of mutations with vari-
able penetrance in the CFSPID group and the possibility that the cystic fibrosis phenotype
may be revealed in the future, these children require further clinical evaluation, with an
assessment of the pancreas and liver function, and an assessment of fat-soluble vitamins.

There were no significant differences between the children with CF and children with
CFSPID in the anthropometric parameters.
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Appendix A

The scope of reference values:
vit. A [ng/mL]: <1st year of life 200–800; 1–4 years of life: 250–800; >4th year of life:

300–800.
vit. E [μg/mL]: <4th year of life 3.8–16.0; 4–12 years of life: 4.0–16.0; >12th year of life:

5.0–20.0.
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vit. C 28–85 μmol/L
The scope of reference values of vitamin D-(25)(OH)D):
Deficit: 0–20 ng/mL; suboptimal concentration: >20–30 ng/mL; optimal concentra-

tion: >30–50 ng/mL; high concentration: >50–100 ng/mL; potentially toxic concentration:
>100 ng/mL.

Elastase-1 in faeces-normal result: 200 μg/g, lower values were considered abnormal
and indicative of pancreatic exocrine insufficiency.

Table A1. Vitamin A—recommended dietary allowance (RDA); estimated average requirement
(EAR); and adequate intake (AI) for polish healthy children.

μg of Retinol Equivalent/Person/24 h (RAE)

Group
Sex, Age

(Years Old)
AI RDA EAR

Infants
0–0.5 350
0.5–1 350

Children
1–3 400 280
4–6 450 300
7–9 500 350

Boys
10–12 600 450
13–15 900 630
16–18 900 630

Girls
10–12 600 430
13–15 700 490
16–18 700 490

Table A2. Recommended Vitamin E Intake for Children (RDA).

Age mg of α-Tocopherol Equivalent/Person/24 h

0–6 months 4 mg
7–12 months 5 mg
1–3 years old 6 mg
4–8 years old 7 mg

9–13 years old 11 mg
14–18 years old 15 mg

Table A3. Vitamin D—adequate intake (AI) for Polish healthy children.

Group Age (Years Old) μg of Cholecalciferol/Person/24 h

Infants
0–0.5 10
0.5–1 10

Children
1–3 15
4–6 15
7–9 15

10–12 15
13–15 15
16–18 15
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Table A4. Vitamin C—recommended dietary allowance (RDA); estimated average requirement
(EAR), and adequate intake (AI) for Polish healthy children.

Group
Sex, Age

(Years Old)
mg of Vitamin C/Person/24 h

AI RDA EAR

Infants
0–0.5 20
0.5–1 20

Children
1–3 40 30
4–6 50 40
7–9 50 40

Boys
10–12 50 40
13–15 75 65
16–18 75 65

Girls
10–12 50 40
13–15 65 55
16–18 65 55
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