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Abstract

Introduction

Patients are compelled to become more involved in shared decision making with healthcare
professionals in the self-management of chronic disease and general adherence to treat-
ment. Therefore, it is valuable to be able to identify patients with low functional health literacy
so they can be given special instructions about the management of chronic disease and
medications. However, time spent by both patients and clinicians is a concern when intro-
ducing a screening instrument in the clinical setting, which raises the need for short instru-
ments for assessing health literacy that can be used by patients without the involvement of
healthcare personnel. This paper describes the development of a short version of the full-
length Danish TOFHLA (DS-TOFHLA) that is easily applicable in the clinical context and
where the use does not require a trained interviewer.

Materials and methods

Data were collected as a part of a large-scale telehomecare project (TeleCare North), which
was a randomized controlled trial that included 1225 patients with chronic obstructive pul-
monary disease. The DS-TOFHLA was developed solely using an algorithm-based selec-
tion of variables and multiple linear regression. A multiple linear regression model was
developed using an exhaustive search strategy.

Results

The exhaustive search showed that the number of items in the full-length TOFHLA could be
reduced from 17 numeracy items and 50 reading comprehension items to 20 reading com-
prehension items while maintaining a correlation of r = 0.90 between the scores from full-
length and short versions. A generic model-based approach was developed, which is suit-
able for development of short versions of the TOFHLA in other languages, including the orig-
inal American version.

PLOS ONE | https://doi.org/10.1371/journal.pone.0280613  July 27, 2023

1/14


https://orcid.org/0000-0002-4374-2368
https://doi.org/10.1371/journal.pone.0280613
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0280613&domain=pdf&date_stamp=2023-07-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0280613&domain=pdf&date_stamp=2023-07-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0280613&domain=pdf&date_stamp=2023-07-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0280613&domain=pdf&date_stamp=2023-07-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0280613&domain=pdf&date_stamp=2023-07-27
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0280613&domain=pdf&date_stamp=2023-07-27
https://doi.org/10.1371/journal.pone.0280613
https://doi.org/10.1371/journal.pone.0280613
http://creativecommons.org/licenses/by/4.0/
mailto:forskningsanmeldelse@rn.dk

PLOS ONE

Development of a short form of the Danish TOFHLA

Funding: The author(s) received no specific
funding for this work.

Competing interests: The authors have declared
that no competing interests exist.

Conclusions

This study demonstrated how a generic model-based approach could be applied in the
development of a short version of the TOFHLA, thereby reducing the 67 items to 20 items in
the short version. Furthermore, this study showed that the inclusion of numeracy items was
not necessary. The development of the DS-TOFHLA presents an opportunity to reliably
identify patients with inadequate functional health literacy in approximately 5 minutes with-
out involvement of healthcare personnel. The approach may be used in the development of
short versions of any scaling questionnaire.

1. Introduction

Healthcare systems all over the world are developing in a way that compels patients to become
more active in the management of their own health and disease-a development that changes
the role of modern patients and the skills needed to navigate the healthcare system. Demo-
graphic changes resulting in more elderly people have led to increases in the burden of chronic
diseases and put pressure on increasingly scarce healthcare resources [1]. One strategy for
overcoming this burden is to reduce the utilization of healthcare resources in the secondary
sector (or ‘hospital’ sector comprising regional hospital(s) that offer outpatient consultations
and inpatient services including emergency care) by reducing the length of stay and placing
more health care services in the primary sector (healthcare services mainly provided by general
practitioners, who are self-employed, and community nursing), thus allowing more rehabilita-
tion actions, where the goal is to have patients take control of their own life situation and
health. This development focuses on both the ability to be an active part in shared decision
making with healthcare professionals during the self-management of chronic diseases and gen-
eral adherence to treatment, thus requiring that patients increase their understanding and
application of health information [2-4]. The World Health Organization (WHO), however,
describes the presence of a paradox: increasing demands on the individual patient without the
information and support necessary for making health-promoting choices [5]. In the wake of
this development in healthcare systems, the concept of health literacy (HL) is receiving
increased attention. HL is defined by WHO as ‘the cognitive and social skills which determine
the motivation and ability of individuals to gain access to, understand and use information in
ways which promote and maintain good health’ [6].

The core elements in HL are obtaining, understanding, and applying health-related infor-
mation. Don Nutbeam has described these three elements as functional (accessing health-
related information), interactive (the ability to understand health-related information) and
critical HL (the ability to actively use health-related information) [7]. The number of defini-
tions and conceptual models causes a lack of a universally agreed screening instrument to
assess HL.

A recent review [8] aimed to identify the most optimal screening instrument for assessing
HL in a clinical setting. The review identifies the S-TOFHLA (assessing basic numeracy and
literacy skills related to healthcare) as the most widely used in the literature (used in nearly half
of the studies), the REALM (medical word pronunciation test) as the second most used and
NVS (the ability to identify and interpret basic text and mathematical calculations) as the third
most used [8]. It should be noted that the above-mentioned screening instruments are criti-
cised for not capturing the complexity of HL [9,10] and as a result screening instruments that
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seek to capture the higher levels of HL has been developed [11,12]. However, these instruments
have a subjective approach focusing on self-experienced and self-rated abilities to perform
tasks relevant to the management of health information. Thus, these more subjective screening
instruments reflect self-evaluated skills in relation to the HL demands of specific hypothetical
health-related situations [11,12]. Further, the reliability of the subjective screening instruments
can be questioned, as participants are prone to overrate their abilities, as a low level of HL is
associated with shame and embarrassment [13]. Despite the ongoing discussion about the
nature of HL and how it should be assessed, the S-TOFHLA, REALM and NVS remain the
most widely used in existing literature [8]. The rapid technological development has added a
new dimension to HL: the ability to consult electronic sources for information about health
and use this information in relation to treatment and disease-referred to as e-health literacy
[14]. E-health literacy, and the assessment of this, is outside the scope of this paper.

A full-length Danish version of the full-length American TOFHLA (D-TOFHLA; D denot-
ing Danish) was developed according to acknowledged guidelines with assessment of face
validity (refers to the extent to which a measure appears to accurately assess the variable it is
intended to measure, based on its face value or appearance. It is a subjective judgment made
by the observer or user of the measure and is often based on common sense and intuition)
content validity (assesses the extent to which a measurement instrument, such as a question-
naire or test, comprehensively and accurately covers the domain it is intended to measure. It
involves ensuring that the items on the instrument represent all the important aspects of the
construct being measured), internal consistency (a reliability measure that assesses the consis-
tency or stability of the results obtained from a measurement instrument across multiple items
that are intended to measure the same construct. It involves calculating the correlation coeffi-
cient, such as Cronbach’s alpha, between the individual items on the instrument to determine
whether they are measuring the same underlying construct) etc. and has proven accurate in
assessing functional health literacy (FHL) in previous studies [15-17]. Like the full-length
American TOFHLA, the D-TOFHLA consists of two parts with a total of 67 items; the first
part comprises 17 items assessing numeracy skills (e.g., prescription bottles, appointment
cards that is administered by an interviewer) and the second part comprises 50 items assessing
reading comprehension skills. The numeracy part of the D-TOFHLA assesses the participant’s
ability to understand instructions for taking medication, keep a clinical appointment, under-
stand financial assistance, etc. A participant could, for example, be asked to read an appoint-
ment reminder card or prescription medication instructions, and subsequently, he/she could
be asked about what had been read. The reading comprehension part of the D-TOFHLA is
conducted as a modified cloze procedure (like the full-length American TOFHLA) where ran-
dom words are deleted from a reading passage [18]. Concretely, this means that every fifth to
seventh word is deleted in health-related reading passages, and the participant then selects the
most fitting word from a list of four possible words. As the D-TOFHLA (and the American)
require involvement of an interviewer (e.g., healthcare personnel), it is, unfortunately, not
suited for clinical routine use and it has thus primarily been used for research purposes
[16,19].

This paper aims to use machine learning to develop a short version of the D-TOFHLA
(DS-TOFHLA; DS denoting Danish Short) that is easily applicable in the Danish clinical con-
text and that does not require the involvement of an interviewer (healthcare personnel). This
paper seeks to describe a generic model-based approach applied in the development of the
short version of the D-TOFHLA that can also be used in the development of short versions of
the TOFHLA in other languages or, in general, to develop short versions of full-length screen-
ing instruments.
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2. Materials and methods

The development of the DS-TOFHLA was based on the D-TOFHLA [16]; the D-TOFHLA
was created based on the original full-length American TOFHLA using the technique
described by Beaton et al. [20]. Similar to the original full-length American TOFHLA, the total
score of the D-TOFHLA is divided into three levels: inadequate (0-59), marginal (60-74), and
adequate (75-100); inadequate and marginal scores are regarded as ‘low FHL’ [19]. We
received the necessary permissions to use and create a Danish version from the developers of
the original American TOFHLA [19].

Motivated by a need to reduce the administration time and create an easier-to-use screen-
ing instrument, a short version of the original full-length American TOFHLA was designed:
the S-TOFHLA [21]. Due to the significant variations between the original American
TOFHLA and the Danish version, it is not possible to translate and adapt the S-TOFHLA into
a Danish version. The development of the English S-TOFHLA was based on more subjective
decisions and less on objective algorithm-based decisions.

The development of the DS-TOFHLA was based solely on an algorithm-based selection of
variables and multiple linear regression (MLR). The classical method to obtain an unbiased
evaluation, when building and testing models, is to have separate training and testing datasets,
which can be accomplished by splitting a given dataset into a training set and a test set. In
smaller datasets K-fold cross-validation is often used, which makes it possible to use almost the
whole dataset for both training and testing while still avoiding bias. The present study used a
special form of K-fold cross-validation, the Leave-one-out cross-validation (LOOCV), where
K is set to the number of samples (K = N). LOOCYV can be particularly useful when working
with small datasets (as in our case, n = 158) because it allows for a more reliable estimate of the
model’s performance. With a small dataset, there is a higher risk of overfitting, which occurs
when a model is too complex and fits the training data too closely, resulting in poor generaliza-
tion to new data. LOOCYV helps to mitigate this risk by repeatedly training the model on
slightly different subsets of the data, allowing for a more robust evaluation of its performance.
LOOCYV also ensures the best possible use of the dataset (i.e., 100% of the dataset is used as
training data and 100% as test data) [22]. We performed LOOCYV to select the optimal feature
set and evaluate the model performance. The reported model parameters are the mean values
of the coefficients for the selected feature set. The coefficients of the models were, throughout
the optimization process, trimmed to integers to help better adoption in a clinical setting as
the administration of the questionnaire is often conducted by paper and pencil.

The quality goal in the development of the DS-TOFHLA was expressed by two conditions.
First, Pearson’s correlation coefficient between the DS-TOFHLA score (i.e., the predicted Dan-
ish TOFHLA total score) and the D-TOFHLA score should be at least 0.9 (r > 0.9 being indic-
ative of a very strong correlation). Second, if possible, the model should not contain numeracy
items to eliminate the involvement of an interviewer.

2.1 Ethical approval

The trial has been presented to the Regional Ethical Committee for Medical Research in the
North Denmark. The committee determined that no ethical approval was necessary.

2.2 Data material

The selection of items for the DS-TOFHLA was based on data from a previous large study that
used the D-TOFHLA [15,17]. Data were collected as a part of a large-scale telehomecare proj-
ect, TeleCare North COPD (Chronic Obstructive Pulmonary Disease) [23]. The 158 patients
included in the study, were relatively good representatives of Danish patients with chronic
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Table 1. Inclusion and exclusion criteria.

Inclusion criteria Exclusion criteria
« Diagnosed with COPD (by spirometry) as primary disease. « Cognitive impairment.
o Treatment according to the GOLD guidelines. « Unable to complete study questionnaires due
« Registered with a general practitioner in the Region of Northern | to insufficient level of Danish.
Denmark. « Lacking phone connection.

« Local residents (Northern Denmark).

o At least one of following criteria had to be fulfilled: The Modified
Medical Research Council (mnMRC) scale > 2 or mMRC > 3 and
COPD Assessment Test > 10.

o At least two exacerbations within the past year.

« Danish as native language.

« A phone connection.

https://doi.org/10.1371/journal.pone.0280613.t001

disease; the patients, in addition to COPD, had various chronic diseases: for example, 10% dia-
betes, 32% coronary heart disease, 5% mental health problem, 27% musculoskeletal disorder,
and 5% cancer [24]. Inclusion and exclusion criteria can be found in Table 1.

2.3 Development of prediction model

The D-TOFHLA is created as whole sentences, where one or more words are missing, and the
participant is asked to select word/words that best complete a sentence. Therefore, before
modelling the DS-TOFHLA, the 50 reading comprehension items in the D-TOFHLA were
grouped into meaningful sets of items (items that create a whole sentence) to ensure that the
intended meaning were maintained. This resulted in 19 sets: 5 sets with 1 item, 7 sets with 2
items, 1 set with 3 items, 3 sets with 4 items, 2 sets with 5 items, and 1 set with 6 items.

The DS-TOFHLA was based on the following MLR equation:

Y =b, +b,C, +b,C,+... +b,C, (1)

where Y is the total D-TOFHLA score, C;, C,. . ., C, are the scores (1 for correct and 0 for
incorrect) for the reading comprehension items included in the DS-TOFHLA (from the
D-TOFHLA), and by,b; . _ b, are the regression coefficients that are adjusted to fit the model.

The model was developed using an exhaustive search strategy: for every model size (starting
by a 1-item model and up until the quality criteria were met), all possible combinations of sets
of comprehension items were tested. For each model, the root mean square error (RMS error
or RMSE) between the DS-TOFHLA MLR and the D-TOFHLA score was used as the model
fit criterion. After minimizing the RMSE by adjusting the regression coefficients for each
model, the model with the highest Pearson’s correlation coefficient was identified.

2.4 Validation of internal consistency

The internal consistency of the DS-TOFHLA was determined by using Cronbach’s alpha coef-
ficient. An instrument is considered reliable if the Cronbach’s alpha exceeds a value of 0.7 [25].
Item to scale correlations for all items were analyzed using Pearson’s point-biserial correlation
coefficient, where values of 0-0.2 are considered weak correlations, 0.2-0.5 are considered
medium correlations, and 0.5-1 are considered high correlations [26].

2.5 The scoring system for DS-TOFHLA

Because of the DS-TOFHLA being based on a MLR that was used to predict the D-TOFHLA,
the scoring system for the DS-TOFHLA was assumed to be similar to that of the D-TOFHLA:
inadequate level: 0-59 points, marginal level: 60-74 points, adequate level: 75-100 points [16].
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To assess the predicted scores of the DS-TOFHLA, a confusion matrix was used to illustrate
the relation between the FHLs in the DS-TOFHLA and those in the D-TOFHLA.

The accuracy for predicting the three FHLs was calculated. In addition, the ability of the
DS-TOFHLA to correctly detect low FHL’ was assessed in accordance with the procedure
described by Parker et al. [19].

2.6 Comparison with the short version of the original full-length American
TOFHLA

The development of the S-TOFHLA was based on subjective decisions combined with some
linear regression modelling, the latter being subjectively adapted to facilitate easy scoring
[8,21]. The S-TOFHLA includes the first 36 reading comprehension items and 4 numeracy
items (item number 1, 4, 5, and 8) from the original full-length TOFHLA. The reading com-
prehension items were weighted by assigning a score of 2 points to each and the numeracy
items were weighted by assigning a score of 7 points to each. Hence, the maximum score for
the 36 reading comprehension items and the 4 numeracy items was 72 and 28, respectively,
yielding a maximum total score of 100, which is the same as for the full-length American
TOFHLA [19].

For comparison, a subset of the items in the D-TOFHLA was selected in accordance with
the subset used in the S-TOFHLA (the first 36 reading comprehension items and numeracy
items 1,4,5, and 8) and, using the same weighting as in the S-TOFHLA (2 and 7 respectively), a
Danish mirror version of the S-TOFHLA was constructed. Thus, the ‘D-36-4-TOFHLA’ was
based on 40 items from the D-TOFHLA combined in the following MLR equation (reading
comprehension, R, and numeracy, N):

Y = 2+R, + 2+R, + ... + 2Ry, + TN, + 7*N, + 7*N; + 7*Nj (2)

Pearson’s correlation coefficient between the D-36-4-TOFHLA score and the D-TOFHLA
score, for the 158 COPD patients recruited from the TeleCare North cohort, was calculated.

Most studies using the S-TOFHLA, have chosen to omit the numeracy items [8]. Even
though this prose only version simplifies the test, it may also introduce additional bias. A
second Danish mirror version of the ‘Prose S-TOFHLA’, omitting the 4 numeracy items, was
constructed. Thus, the ‘D-36-0-TOFHLA’ was based on the following simplified MLR equa-
tion:

Y = 2«R, + 2+R, + ... + 2%Ry, (3)

Using the same 158 COPD patients, Pearson’s correlation coefficient between the D-36-
0-TOFHLA score and the D-TOFHLA score was calculated.

3. Results

The basic demographic characteristics of the 158 participants can be found in Table 2. The
mean age was 69.6 years (SD: 9.53). The basic characteristics were relatively balanced, except
for educational level; 20% of the participants completed high school or higher education, and
80% completed elementary school or skilled work.

The exhaustive search showed that the number of items in the D-TOFHLA could be
reduced to 20 reading comprehension items and that there was no need for numeracy items.
The sets of reading comprehension items were item 2-3, item 13-14, item 18-21, item 23-25,
item 37-41, and item 42-45, each set corresponding to a sentence in the Danish TOFHLA
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Table 2. Basic demographics of the participants.

Age, mean (SD) 69.6 (9.53)
Sex, n (%)

» Male 76 (48)

« Female 82 (52)
Civil status, n (%)

« Living alone 76 (48)

« Married or living with a partner 82 (52)
Educational level, n (%)

« Elementary school 53 (34)

« High school 11 (7)

« Higher education 20 (13)

« Skilled 74 (47)
Health literacy level, n (%)

« Inadequate 39 (25)

» Marginal 33 (21)

» Adequate 86 (54)
Health literacy score, mean (SD, range) 71.6 (18.7, 13-100)

https://doi.org/10.1371/journal.pone.0280613.t1002

leading to the following regression model:

Y = 23 4 2xR, + 5*R; + 1*R; + 7*R, + 4R + 4R, + 2*R,, + 5*R,, + 4*R,; 4+ 5*R,,
+ 8%Ry; + 3%Ryr 4 3*Rys + 0%Ryy 4 4%R + 2¢R ), + 0%R,, + 6%R 5 + 5*R,,
+ 2xR 5 (4)

An English version of the DS-TOFHLA is presented in SI Appendix. The maximum time
for administration could be reduced from 22 minutes (10 minutes for numeracy items and 12
minutes for comprehension items) to 5 minutes (12*20/50 minutes).

Fig 1 illustrates the development of the best possible model performance as a function of
the number of reading comprehension items in the model. The figure shows that the best
model with only one item had a correlation coefficient of 0.6 (CI95 0.57;0.66; P<0.001), and
the best model with 20 items had a correlation coefficient of 0.9 (CI95 0.87;0.93; P<0.001).
The scatter plot in Fig 2 illustrates the relation between the DS-TOFHLA and the D-TOFHLA
for the best model with 20 items. The correlation coefficient was 0.90 (CI95 0.87;0.93;
P<0.001).

The internal consistency measured by Cronbach’s alpha was 0.885. This indicated that the
reliability of the DS-TOFHLA was acceptable (>0.7 as set by Houser [25]). Item to scale corre-
lations were assessed for all 20 items using Pearson’s point-biserial correlation coefficient; 12
items showed a high correlation and 8 items showed a medium correlation. The analysis of the
Pearson’s point-biserial correlation coefficient showed significant positive correlations
between all 20 items and the scale (p < 0.01).

3.1 Classification assessment

Table 3 shows a confusion matrix illustrating the ability of the model to correctly predict each
participant’s HL level. In the confusion matrix, for 126 out of 158 participants, the prediction
was correct; for 32 out of the 158 participants, the prediction was off by one level; and no pre-
diction was off by more than one level.

The accuracy of the prediction of the inadequate level (lowest level) (i.e., inadequate vs.
marginal or adequate) was 92%. The accuracy of the prediction of the marginal level (middle
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Number of reading comprehension items

Fig 1. The development of the best possible model performance as a function of the number of reading
comprehension items in the model.

https://doi.org/10.1371/journal.pone.0280613.g001

level) (i.e., marginal vs. adequate or inadequate) was 80%. The accuracy of the prediction of
the adequate level (highest level) (i.e., adequate vs. marginal or inadequate) was 88%, which
can also be expressed as the accuracy of the prediction of ‘low FHL’ as defined by Parker et al.
[19].

3.2 Comparison

To enable a comparison with the performance of the S-TOFHLA, the relation between the D-
36-4-TOFHLA (the Danish mirror version of S-TOFHLA) score and the D-TOFHLA score,
for the 158 COPD patients recruited from the TeleCare North cohort, is illustrated in Fig 3.
Pearson’s correlation coefficient between the two scores was 0.90 (CI95 0.87;0.93; P<0.001).
Likewise, the relation between the D-36-0-TOFHLA (the Danish mirror version of the Prose
S-TOFHLA) score and the D-TOFHLA score, for the 158 COPD patients recruited from the
TeleCare North cohort, is illustrated in Fig 4. Pearson’s correlation coefficient between the two
scores was 0.85 (CI95 0.80;0.89; P<<0.001). Table 4 gives an overview of the various model ver-
sions of TOFHLA.

4. Discussion

The aim of this study was to investigate the use of machine learning to develop a short test of
FHL in adults (the DS-TOFHLA) that can be used in the development of short versions of the
TOFHLA in various languages, including the original version of the American TOFHLA in
English. In addition to investigating the machine learning approach, this study also addressed
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Fig 2. The relation between the DS-TOFHLA and the Danish TOFHLA for the best model with 20 items.
https://doi.org/10.1371/journal.pone.0280613.g002

the problem that, to the authors” knowledge, there are no efficient, suitable, and objective
screening instruments for assessing HL in a clinical setting in Denmark and other non-English

speaking countries.

A review has shown that most studies using the S-TOFHLA chose to omit the numeracy
items to simplify the test and make it usable in a clinical setting [8]. In our study, statistical

analyses showed that inclusion of numeracy items was not necessary to meet the chosen qual-
ity goal of the study. By including only 20 reading comprehension items, it was possible to cre-
ate a short version of the D-TOFHLA where the use does not require a trained interviewer.
Therefore, in contrast to only using this instrument for research purposes, the DS-TOFHLA is
also applicable as a screening instrument for the clinical setting. In addition, the maximum
time for administration was reduced from 22 minutes to 5 minutes.

For comparison, an assessment of the performance of the S-TOFHLA was performed using
Danish mirror versions of the short American versions. Both the S-TOFHLA and the Prose
S-TOFHLA (without numeracy items) was assessed, the latter being the most widely used [8].
Pearson’s correlation coefficient, when comparing scores from both the Danish mirror version

of S-TOFHLA and the DS-TOFHLA with scores from D-TOFHLA, was 0.90. This indicates

Table 3. Confusion matrix for prediction of health literacy levels.

Predicted inadequate Predicted marginal Predicted adequate
True inadequate 28 11 0
True marginal 2 26 5
True adequate 0 14 72

https://doi.org/10.1371/journal.pone.0280613.t003
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Fig 3. The relation between the Danish mirror version of the S-TOFHLA (D-36-4-TOFHLA) and the Danish
TOFHLA.

https://doi.org/10.1371/journal.pone.0280613.9003

that DS-TOFHLA, even though it, as opposed to S-TOFHLA, does not include numeracy
items and therefore is easily applicable in a clinical setting, has the same level of performance
as S-TOFHLA. Furthermore, the maximum time for administration of DS TOFHLA is only 5
minutes compared to 12 minutes for S-TOFHLA. Pearson’s correlation coefficient when com-
paring scores from the Danish mirror version of the Prose S-TOFHLA with scores from
D-TOFHLA was 0.85. This indicates that the Prose S-TOFHLA, which has omitted numeracy
items and therefore as opposed to the S-TOFHLA is more applicable in a clinical setting, is
inferior in performance to DS-TOFHLA. Furthermore, it should be noted that the maximum
time for administration of the Prose S-TOFHLA is significantly longer than for DS-TOFHLA
(9 minutes and 5 minutes respectively).

The DS-TOFHLA was developed solely using an algorithm-based selection of variables and
MLRs. A major strength of this method was that the design principles were founded on objec-
tive algorithm-based decisions, and the MLR used for development selected the items from the
D-TOFHLA that led to the most accurate predictions of the level of FHL. The reading compre-
hension items in both the D-TOFHLA and the American TOFHLA are ordered by increasing
difficulty in readability level and thus, it is reasonable to assume that the more difficult items
are most accurate in predicting the functional level of HL. In this regard, it should be noted
that only 4 of 20 items selected for the DS-TOFHLA by the algorithm herein were from the
first and easiest part of the reading comprehension items. The 36 items assessing reading com-
prehension in the S-TOFHLA is primarily from the first and middle part (lowest difficulty)
and none from the latter and most difficult part. In line with this, the regression model pres-
ents quite different weights to the selected items for the DS-TOFHLA, e.g., C42 = 0 and
C43 = 6. In comparison, the development of the American S-TOFHLA seems based on a
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Fig 4. The relation between the Danish mirror version of the Prose S-TOFHLA (D-36-0-TOFHLA) and the
Danish TOFHLA.

https://doi.org/10.1371/journal.pone.0280613.9004

subjective decision to include the first 36 items, without explicitly considering if these items
contribute to the most accurate prediction of the FHL or considering the ascending difficulty
in readability.

The accuracy of the prediction of the three levels was ranged from 80%-92%; the middle
level had the lowest accuracy, which can be explained by the fact that this level is defined by a

Table 4. Overview of the various model versions of TOFHLA listing language (English, Danish), number of reading comprehension items (prose items), number of
numeracy items, indication of most relevant use (research, clinical), maximum time for administration (minutes), and, for the short Danish versions, Pearson’s cor-

relation coefficient with D-TOFHLA (r).

Language | No. of read.
comp. items

Model version
TOFHLA E
S-TOFHLA E
Prose E
S-TOFHLA
D-TOFHLA D
D-36- D
4-TOFHLA

D-36- D
0-TOFHLA
DS-TOFHLA D

50

36
36

50

36

36

20

No. of Mostly Suited for Max. time for Pearson’s correlation
num. research use |clinical use |administration coefficient with
items D-TOFHLA
17 + 22 Original American
version
4 ? 12 Short American version
+ 9 Simplified ‘prose only’
short American version
17 + 22 Danish cross-cultural
adaptation of TOFHLA
4 ? 12 0.90 Danish mirror version
of S-TOFHLA
+ 9 0.85 Danish mirror version
of Prose S-TOFHLA
+ 5 0.90 Danish short version
developed using MLR

https://doi.org/10.1371/journal.pone.0280613.1004
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relatively narrow range of 60-74 points. The prediction of the lowest and highest levels was a
one-sided classification, whereas the prediction of the middle layer was two-sided. It should be
noted that the prediction of ‘low FHL’ (i.e., inadequate or marginal vs. adequate scores), as
defined by Parker et al [19], had an accuracy of 88%.

During the development of a novel questionnaire, it is customary to adhere to established
guidelines for scale development and validation. The DS-TOFHLA was based on a predictive
MLR and should not be regarded as a de novo questionnaire, and it, therefore, should not go
through the same rigorous evaluation. Instead, the focus should be on developing a short ques-
tionnaire with the best possible predictions of the validated full-length questionnaire. Likewise,
it makes sense to develop the prediction model in the DS-TOFHLA based on the same data
that was used to develop and validate the full-length Danish TOFHLA [15,17]. However, fur-
ther work might be carried out to test the model on other datasets and other types of patients.
Alternatives to MLRs might be considered. However, even though other classification methods
such as neural networks or various clustering methods might have yielded higher correlation
coefficients with 20 reading comprehension items, the results from using such models would
be harder to explain both to experts in the field and to clinicians using the HL score.

5. Conclusion

This study demonstrated how a generic model-based approach could be applied in the devel-
opment of a short version of the TOFHLA, thereby reducing the 67 items in the full-length
version to 20 items. Furthermore, this study showed that the inclusion of numeracy items was
not necessary to meet the chosen quality goal of a Pearson’s correlation coefficient >0.9,
resulting in a short version of TOFHLA where the use does not require a trained interviewer.
The work was based on Danish data and a validated Danish full-length version of TOFHLA.
The generic model-based approach used herein may also be used in the development of short
versions of the TOFHLA in other languages and in the development of short versions of any
scaling questionnaire.

Supporting information

S1 Appendix. An English version of the DS-TOFHLA.
(PDF)
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