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Abstract

This small-scale comparison case study evaluates the impact of an innovative

approach to teacher professional development designed to promote

implementation of a novel cutting edge high school neurological disorders

curriculum. ‘Modeling for Fidelity’ (MFF) centers on an extended mentor

relationship between teachers and biomedical scientists carried out in a virtual

format in conjunction with extensive online educative materials. Four teachers from

different diverse high schools in Massachusetts and Ohio who experienced MFF

contextualized to a 6-week Neurological Disorders curriculum with the same

science mentor were compared to a teacher who had experienced an intensive in-

person professional development contextualized to the same curriculum with the

same mentor. Fidelity of implementation was measured directly using an

established metric and indirectly via student performance. The results show that

teachers valued MFF, particularly the mentor relationship and were able to use it

effectively to ensure critical components of the learning objectives were preserved.

Moreover their students performed equivalently to those whose teacher had

experienced intensive in-person professional development. Participants in all

school settings demonstrated large (Cohen’s d.2.0) and significant (p,0.0001

per-post) changes in conceptual knowledge as well as self-efficacy towards

learning about neurological disorders (Cohen’s d.1.5, p,0.0001 pre-post). The

data demonstrates that the virtual mentorship format in conjunction with extensive

online educative materials is an effective method of developing extended

interactions between biomedical scientists and teachers that are scalable and not
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geographically constrained, facilitating teacher implementation of novel cutting-

edge curricula.

Introduction

The poor performance of high school students against international benchmarks

raises concerns about the current state of U.S. science education [1–4]. One

particular challenge undoubtedly affecting performance is the low level of student

engagement in science [5–10]. One way of increasing engagement is to teach

students content they value and find relevant to their lives: When students value

what they are learning their motivation and achievement increases [11–13].

Students particularly value learning about health and disease, and high school

biology curricula focused on health and disease stimulates interest and

engagement in science, and concomitantly, academic performance [14]. This type

of curricula may also foster students’ health literacy capacities [15].

One major challenge to bringing life-relevant health science to the high school

biology classroom is the requirement for in-depth knowledge about the

biomedical sciences, topics few teachers are familiar with. We have the addressed

this challenge via The Great Diseases Project, a learning collaborative involving

biomedical content specialists and teacher leaders from a number of school

districts [14]. The partnership has developed an innovative high school health

science curriculum that provides a health-based context for learning biology.

Targeted to Biology II (elective biology), ‘The Great Diseases’ has a modular

framework focused on four globally significant diseases: Neurological Disorders,

Infectious Diseases, Metabolic Disease and Cancer. It is inquiry-based and aligned

with the most recent science education standards that relate to authentic science

practices and the three dimensions of the NGSS (See Fig. A in S1 File) [16]. The

GD is comprehensive (each disease module takes about 6 weeks of in-class time)

and has been designed to build scientific understanding and also foster health

literacy by teaching students how to critically evaluate scientific health claims and

make connections between current developments in biomedical science and their

health.

Successful implementation of novel curricula requires adequate teacher support

and teacher self-efficacy [17–20]. Given their limited exposure to biomedical

topics, few teachers have the self-efficacy to teach health science topics even when

a relevant curriculum is made available. One practice highly correlated with

improving self-efficacy and quality of implementation is professional develop-

ment (PD) [21–25]. Evidence indicates that the most effective PD focuses on

providing content contextualized to pedagogical content knowledge within a

framework of active learning [17, 26, 27]. This means that embedding biomedical

science content for teachers in the pedagogical context it will be used in a health

science curriculum may be an effective way to teach content while building self-
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efficacy for implementation. Additionally, interactions with a mentor that are

prolonged both in the total number of contact hours and duration of the

experience leads to more extensive changes in teacher practices than the

traditional model of time-limited workshops [26]. PD designed to incorporate

these best practices positively impacted teachers’ self-reported increase in

knowledge, skills and change in practice [17]. It should be noted however that

these results have not yet been linked to changes in student performance. Despite

this research, limited time (day- or week-long) workshops have persisted as a

preferred venue for PD [21–23], reflecting the dual challenges of sustaining long-

term interactions and of addressing the individual needs of teachers. Some PD

opportunities have been attempting to circumvent these challenges by moving to

virtual or online platforms.

Several advantages of online PD are immediately evident: First, it is inherently

asynchronous, accommodating individual teacher’s schedules and thereby

potentially attracting a larger audience. Second, it can incorporate synchronous

elements that provide an opportunity for support and reflection. Third, it can be

personalized to allow teachers to focus on material most relevant for their own

classrooms. Finally, geographically remote teachers can access these resources

[28]. As a result some models of online PD are more scalable than programs

limited to in-person interactions. Nonetheless it also presents clear challenges: The

best practices of online PD remain relatively undefined [28], and converting the

evidence-based best practices established for in-person PD, namely active learning

approaches and prolonged duration of mentor-focused interactions [17, 24], to an

online approach is an active area of research [28–30]. Additionally, how will an

online environment foster trust and collegiality that is instrumental in sharing

knowledge and offering support without in-person interactions?

As part of the Great Diseases project we had offered graduate-level summer in-

person PD courses that provided local teachers with contextualized content

learning and prolonged mentor-focused support as they piloted curriculum

modules in their classrooms [14]. However our goal was to make the Great

Diseases curriculum accessible to teachers geographically distant from Tufts

University in Boston, where the program is housed, while still providing

opportunities for the synchronous interactions critical for successful implemen-

tation. Recognizing that biology curricula often fail to support teachers as they

translate complex concepts for novice learners [31] we therefore created an

innovative PD program called ‘Modeling for Fidelity’ (MFF) that synthesizes the

best practices of in-person and virtual PD through a combination of

asynchronous and synchronous learning, scientist mentoring and pedagogical

support. MFF supports teachers as they implement the Great Diseases curriculum

in their classrooms. In contrast to more traditional PD approaches that emphasize

exploration of teaching methods [17, 26, 32] our program focuses on enhancing

content knowledge contextualized to the curriculum and its learning objectives.

MFF uses a hybrid format in which an online platform is extended to include

personalized, though still virtual, interactions between the teacher and mentor

and is thereby able to incorporate the evidence-based ‘‘best practices’’ for in-
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person PD [17, 26]. It has three objectives: First, it aims to increase teachers’

content knowledge of the biomedical science underlying the Great Diseases topics

covered by the curriculum. Second, it aims to contextualize this learning to the

pedagogical practices used in the curriculum. Third, it aims to establish prolonged

mentor relationships between teachers and scientist mentors to facilitate

implementation.

Purpose of this study

Here, we have used the neurological disorders (ND) module of the Great Diseases

curriculum as a vehicle to compare a traditional in-person PD that reflects best

practices – we call this comparison PD approach ‘Gold Standard’ – with our

virtual MFF PD approach. We compared effects on teachers directly, using

Fidelity of Implementation metrics (FOI) metrics modified from a previously

established suite of instruments [33] and indirectly by measuring student

achievement with two objective metrics, one focused on conceptual knowledge

inventory and problem solving critical for health science literacy, the second

focused on self-efficacy in learning about the topics [14]. The results show that

teachers’ abilities to implement the critical instructional components of the

module, as reflected by the significant gains in student achievement on all

matrices, occurred regardless of the form of PD the teachers had experienced,

indicating that the MFF PD approach can be used to train teachers to implement

novel curricula that use a variety of practices with unfamiliar content.

Methods

Study Design

This study compared enactments of the ND module in four self-selected schools

with a diverse range of students. These include: In Massachusetts, an urban

college-preparatory public high school, an urban general public high school with a

high proportion of minority English language learners (Hispanic) and a suburban

public high school with a wide range of student abilities; in Ohio, a regional public

STEM high school with a diverse demographic (Table A in S1 File). The four

teachers included in this case study represent a wide range of experience; a novice

first year teacher; a teacher with extensive neuroscience experience; a teacher

whose background was in chemistry rather than life science; and an expert teacher

who had been recognized as State Biology Teacher of the Year. The teacher from

the urban college-preparatory public high school received ‘gold standard’

traditional PD, defined below, was compared with the other three teachers who

participated in the MFF virtual PD program. The same science partner worked

with all of the teachers, but never met the MFF teachers in person. The outcomes

of curriculum implementation the 3 schools whose teachers received virtual PD

were then compared with the outcomes in the school whose teacher received ‘gold

standard PD9. In addition one teacher, from the urban general public high school,
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had previously received ‘gold standard’ PD for the Infectious Disease module, and

the outcomes of both modules on the same set of students were also compared

directly.

Data collection and measures

The study was carried out between 2011–2013 with 212 11–12th grade students

who experienced the ND module as part of an elective second level Biology

course, an elective Physiology course, or an elective Psychology course. No

students refused to participate in the study, however only 175 students (82%)

completed both the pre- and post-conceptual knowledge inventory and only 147

(69%) completed the attitudinal surveys and are included in the analyses (Table B

in S1 File). Participating students did the pre- and post-tests during the first and

last lessons respectively. They were told that the pretest was a way for them to

explain their initial understanding, and that their grades would not be affected by

their performance. Both questions and answers were returned to the university

researchers for grading. Retrospective pre-post surveys were done online as

homework.

Ethics statement

The study and surveys were approved by the Institutional Review Board of Tufts

University School of Medicine under protocol #9049 as follows: Teachers signed

institutionally approved forms to signify their informed consent to participate in

the study and to publish the results. Student pre-and post-tests were given as part

of their normal classwork and were de-identified. Student online surveys were

anonymous and voluntary. Thus, the IRB considered that the study was exempt

from the necessity to obtain written consent for students.

Fidelity of implementation

Teachers were given questions designed to probe whether critical instructional

and structural components i.e. our intentions about how the material should be

used, were addressed in each lesson: They filled in online questionnaires about

each lesson and were also questioned about the lessons by the science partner

during the synchronous real-time reflection protocol (Table C in S1 File). A

second online questionnaire asked teachers to reflect on the PD process itself and

consists of six open-ended questions. Teachers were encouraged to complete it

upon conclusion of the module in their classrooms (Table D in S1 File).

Student pre- and posttest ND conceptual knowledge and problem solving

inventory

The conceptual knowledge inventory pre-post tests were designed to measure

both content understanding and problem-solving abilities related to the

crosscutting concepts in the ND module and health claims evaluation. They

consisted of 10 multiple-choice items, 2 short response items and a clinical case
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study with 5 short response questions. Multiple-choice questions required

recalling and comprehending information, while short answer questions and the

case study required open-ended responses that asked students to draw conclusions

based on evidence, create hypotheses and extrapolate from concepts to explain

new phenomena. Questions were designed to be challenging in order to avoid a

plateau effect and multiple questions per crosscutting concept established

reliability. The assessment was reliable as measured by Cronbach’s a (0.81).

Student self-reported changes in attitude and self-efficacy

We measured attitude and self-efficacy of students towards learning about ND

material with an online survey consisting of 12 questions regarding attitude and 9

questions for self-efficacy, all questions used a six-point Likert-type response scale,

(15 low, 65 high). The retrospective pre-test model, in which respondents are

asked to recall a previous state and then report on their current state, is effective at

avoiding Type II error, which was of concern in this study because of students’

lack of prior exposure to health science learning [34, 35]. However, the

retrospective method can produce inflated effect sizes (calculated using Cohen’s

‘d’) if respondents deem it more socially desirable to over-estimate as they report

gains [34–37]. We attempted to mitigate this effect by collecting responses online,

anonymously. The assessments were reliable as measured by Cronbach’s a (0.92).

Data analysis

Teacher data about fidelity of implementation is represented qualitatively due to

the small sample size. Students’ ability to use test-taking strategies to answer

multiple-choice questions was minimized by requiring multiple correct answers to

be identified and penalizing incorrect choices. Grading rubrics for short answer

questions and the case study were established by ND content specialists, and each

pre- and post-test was graded by two evaluators, whose scores were averaged.

Scoring between the evaluators had a correlation coefficient of 0.94. The gains in

student conceptual knowledge inventories were calculated post- pre-test,

significance was detected with paired t-tests and effect size was analyzed using

Cohen’s d. Effect size is defined as small (ES $0.2, #0.5), medium (ES $0.5,

#0.8) and large (ES $0.8, [38]). The Cronbach’s alpha for each assessment was

well above the 0.70 threshold generally considered reliable. Although these

instruments are awaiting additional subject participation for validation, the

magnitude of student gains means that the main risk of using a non-validated

instrument, i.e. false negatives, is not of significant concern here.

The Great Diseases (GD) curriculum

GD comprises a rich mosaic of pedagogy embedded in a constructivist framework.

It uses Socratic and case-based discussions to continually challenge students to

think critically, evaluate evidence and express their ideas and a multiplicity of

pedagogical strategies to promote accessibility of the curriculum to different types

of learners [39]. GD aligns with current science education standards [40]. The
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Neurological Disorders (ND) module was built around a framework of five

questions selected by a team of ND content specialists from Tufts Medical School

to represent the critical knowledge necessary for understanding ND and

facilitating future learning about ND topics (Table E in S1 File). Each question in

the framework comprises a unit of 5–7 individual lessons, totaling 6 weeks of class

time. Each lesson provides a solid foundation of cutting-edge information readily

transferable to real-world health situations.

The design partnership that originally developed the GD curriculum included

teachers from the urban college preparatory school [14]. Because of this, the

teacher from that school who implemented the ND module had received ‘gold-

standard’ PD as follows: First, yearlong participation in a monthly content-

focused seminar series and monthly collaboration with content specialists to

develop the actual lesson plans. Second, as the module was implemented in the

classroom, close interactions with the same science partner who shepherded the

MFF PD in this study. These interactions involved in-person meetings several

times a week, classroom observations and post-hoc oral and written reflections

after each lesson, focused on the critical instructional components the module in

particular the activities, discussions and questions. The outcomes of this training

were then compared with outcomes of the MFF PD Program described below:

Modeling for Fidelity (MFF)

The MFF PD program is structured in three parts (Table 1):

1) The asynchronous educative texts and printable materials

These comprise a teacher content text, content contextualized lesson plans and

student workbooks. The teacher text was written by the neuroscience content

specialists at an early graduate school level and is targeted to teachers of high

school biology, providing an up-to-date background in the underlying scientific

information that parallels the curriculum. It also incorporates study guides

designed to aid teacher learning as they progress through the material. Paired with

the teacher text are content-contextualized lesson plans for each of the 27 lessons

in the module. Each lesson follows the same basic structure – a ‘Do Now’ to

introduce the topic and uncover misconceptions; an ‘Activity/Discussion’ that

comprises the majority of the lesson and a ‘Wrap Up’ that contextualizes the

lesson and reviews the learning objectives. Embedded in the lesson plans is a

narrative that specifically models how the Socratic discussions might evolve in the

classroom. Not only does this narrative contextualize the critical components of

the learning goals, it also emphasizes key crosscutting concepts, core ideas and

components of authentic scientific practice required by the NGSS [16], while

supplying numerous examples that place the content in a life-relevant health-

related context. Finally the module provides workbooks for the students. The

workbooks also parallel the lessons and provide extended literacy opportunities

with text-based questions, expanded explanations of key concepts and

misconceptions and critical thinking questions. Teachers are advised to read the
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text, complete the study guides and be familiar with the lesson plans, narratives

and student workbooks before entering the virtual part of the MFF program, in

which they are paired with a science partner who works with them to facilitate

implementation in the classroom.

2) The synchronous virtual support component

These comprise prolonged mentoring interaction with a science content specialist

through contextualized content tutorials, ‘just-in-time’ support and lesson

reflections. Science partners offer support to piloting teachers as they prepare to

implement the module in their classrooms and while they are teaching it. When

preparing for lessons, teachers meet formally with their science partners over

roughly a two-month period, which included the 6 weeks of curriculum

implementation. The main focus of these tutorials is to ensure teachers are

thoroughly prepared to teach the upcoming unit by reviewing the health science

content, alerting teachers to common misconceptions, forecasting student

questions, introducing lesson pedagogies and devising strategies to encourage

active learning, tailored to each teacher’s needs. One of the biggest challenges of

implementing new curricula, especially GD, is making larger connections between

individual lessons, units and even modules [16] [41]. The science partners are able

to ensure that teachers appreciate these overarching connections. The individually

tailored mini-seminars take place via virtual formats like gchat. On average, each

unit requires one to three hours of tutorial time and can involve up to 10

participants. The flexibility of the virtual format means that mentoring can occur

whenever is mutually convenient. Another synchronous support scaffold directed

toward lesson preparation and implementation involves ‘just in time’ interactions

between teachers and science partners to provide on-demand support with

additional background, answering questions and adjusting teaching strategies.

Table 1. Structure of the Modeling for Fidelity Professional Development Program.

Type of Support Format Goals

Asynchronous Educative materials available on line:

Teacher Text Provides content contextualized to lessons.

Lesson Plans Narrative Provides lesson structure and materials; Models Socratic Discussions.

Student workbooks Provides additional literacy opportunities; Addresses critical concepts and mis-
conceptions; Extends problem-solving opportunities

Synchronous virtual Virtual interactions with science
partner:

Contextualized Content tutorials Provides opportunity to review content and prepare for lessons

Just-in-time-support Provides opportunities to supplement and adjust teaching strategies; Provides
opportunities to reflect on lessons

Asynchronous Living materials available on line:

Teacher scrapbook Provides heads’ up of how to preserve critical instructional and structural
components for fidelity of implementation

Videos of model lessons Provides insight into how to manage novel teaching strategies

Discussion forum Allows direct teacher-to-teacher communication

doi:10.1371/journal.pone.0114929.t001
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Just-in-time support is unscheduled and informal and takes place through text

messaging emails and phone calls with the science partner readily available to

answer last minute questions.

Real-time reflection is key to successful implementation [17, 42, 43] and thus is

a key component of the synchronous support scaffold. Reflections are eventually

compiled into a ‘‘scrapbook’’ of teacher feedback, used by the program to adjust

lesson plans and inform other teachers (Table 2). This scrapbook is instrumental

in archiving the experiences of the cohort of teachers with experience in the

curriculum but whose geographic separation precludes interactions between

them. The reflections also provide researchers with information on fidelity of

implementation. The total time commitment for the synchronous component of

MFF is approximately 32 hours (2 months 64 hours/week) which includes

tutorials, just-in-time-support and reflections. In contrast the time commitment

for ‘gold standard PD9 was around 96 hours (48 hours content preparation and

then lesson preparation at 6 hrs/week for 8 weeks which included 2–3 classroom

observations, reflections and preparation time). Hence reducing the ‘dose’ of

intervention significantly with MFF did not compromise outcomes.

3) The asynchronous online educative component

The final support scaffold comprises materials available to teachers online that

support lesson planning and implementation, each meeting a unique goal that

further facilitates MFF. First, there are videos of teachers in their classrooms

enacting lessons that use unique pedagogical approaches or where the content is

particularly challenging. These videos allow novice teachers to sample various

teaching strategies in the context of a ‘‘live’’ classroom. Second there is a

discussion forum that creates an online community where teachers can

communicate about curriculum implementation. Finally there is a news blog

maintained by the program that features news stories that relate to the content.

The news blog allows both teachers and students see the real-life implications of

the information presented in the classroom.

Results

The MFF PD program was designed to support a comprehensive biomedical and

health sciences high school curriculum that focuses on cutting edge topics in

health and disease and is structured to foster student capacities in both health

science and health literacy, topics that high school teachers are rarely exposed to.

Given this challenge, MFF had to: a) Incorporate current best practices in

professional development; b) Build sufficient content knowledge so the teacher

could enable their students to access the material, draw connections between

cross-cutting concepts and to evaluate health claims and risk perception critical to

fostering health literacy capacities; c) Contextualize the content knowledge to a

variety of pedagogical strategies that would make the material accessible to a wide

variety of learners; d) Empower teachers to adapt the pedagogy to their
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classrooms while preserving critical concepts; e) Allow access that was not

constrained by the geographic proximity of teachers relative to the program site in

Boston Massachusetts. To address (a) and (b) the program focused on

establishing a prolonged mentoring relationship between the teacher and a

biomedical science content specialist ‘science partner’. To address (c) the program

provided the teacher with a comprehensive set of educative materials that had

been developed by a collaborative learning community of scientist content experts

and high school teachers. To address (d) and (e) the program utilized a hybrid

online/virtual format in which elements of personal interaction were established

on a background of downloadable, web-accessible materials.

Table 2. Example from teacher scrapbook for Unit 2.

Unit 2: What are the building blocks of our brains? Unit 2 is consistently ranked by students (and teachers) as the most challenging unit within
the neuro module. I wouldn’t argue with that ranking because Unit 2 includes perhaps the most complicated concept within the field of
neuroscience – the action potential. The action potential is presented in Lesson 2.2, and up until that lesson, the students haven’t really
grappled with any concepts that are that far beyond everyday experiences and/or prior knowledge. So, take that as a warning – Lesson 2.2 is the
end of the ‘‘honeymoon’’ phase with the content for this module. That lesson is certainly the most challenging, and things get easier again from
there, but the concepts do continue to build on each other. This unit also dives down from talking about the brain as a whole (as we did in Unit
1), to focus on the structure and function of the cells of our nervous system – neurons and glia. So, before beginning this unit, you might want to
help the students transition from talking about the brain as a whole to talking about the cells of the brain.

Below are the comments/suggestions/feedback from other teachers about the specific lessons.

Lesson 2.1- What is the
structure of a neuron?

N This lesson tends to go really well with students who have not seen neurons and thus are unfamiliar with neuronal
structure. It may seem a little elementary for those students who are already familiar with the main structures of a neuron
and their functions. So, if you have a class that has already studied neurons, you may want to move through this material
quicker to get started on laying the groundwork for the action potential. For example – you could start reviewing the
concepts of diffusion and electrostatic pressure.

N The activity within this lesson has students working in groups to create a variety of neuronal pathways. Basically,
they’re designing the different neurons/circuits that would complete different bodily functions for our friend Joe as he
goes about his day. Students should be able to demonstrate that different parts of the neurons in their pathway have
specialized structures to complete the necessary functions. You may choose to have student groups draw out their
pathways, or alternatively, they could use clay to literally build the pathways.

Lesson 2.2 –How do our
axons transmit electrical
signals?

N This lesson has two different versions – a ‘‘differentiated’’ one and a non-differentiated one. The ‘‘differentiated’’ version
contains many more details than the non-differentiated one. I recommend that for classrooms where students are still
learning about the forces of diffusion and electrostatic pressure, and the impermeability of the cell membrane, that you
use the non-differentiated (more basic) approach. But, there’s nothing saying that you couldn’t start there and build to the
differentiated version. The workbook contains all the details included within the differentiated version, so if you’re opting
to use the more basic version with your students, you may want to warn them that their workbooks will give them many
more details which they won’t necessarily be responsible for (that’s your choice in what you decide to test them on).

Lesson 2. 3 –How fast do your
neurons signal?

N Students start the lesson by completing the ruler drop test to measure reaction time, and then from there calculate the
speed of neuronal conduction. There are two versions of the Do Now worksheet – one in which students need to solve
the formula d51/2at2 for t, and the other includes a table for the students to look up their reaction times based on
distance the ruler dropped. Use the version that you think your students will handle best, and make sure students do the
ruler drop test several times to be able to get their average reaction time.

N Some teachers have noticed that this lesson can run short, whereas others have noticed it can run long. It all depends
on how much time you allow for the do now, and how much discussion you get going around myelinated vs. un-
myelinated, and the teenage brain.

Lesson 2.4 – How do our
neurons transport materials?

N From this video, we’re asking students to make observations about how the marked vesicles are moving. You’ll
probably have to clue them in with questions like – Are the vesicles always moving? What about what direction – always
one speed or multiple? What about their speed – are they all going the same speed or different?

Lesson 2.5 – What can go
wrong?

N We use a jigsaw and have the students break into groups to read different case studies of patients with disorders that
are caused by neuronal dysfunctions. I’ve heard from many teachers that the cases are approachable to their students,
and that the students tend to like this lesson best of all of those within Unit 2, so they end on a high note.

doi:10.1371/journal.pone.0114929.t002
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Teacher outcomes

Teacher responses to the MFF format were assessed with an anonymous survey.

The survey with sample responses is reported in Table D in S1 File. A complete list

of the survey responses is provided with the Supporting Materials (S1 File). A

major goal of MFF is, as one teacher phrased it, not to leave the teachers ‘alone’ in

the classroom even though they are geographically removed from their science

partner. The face-to-face aspect of the virtual mentoring interactions provided by

the gchat format meant teachers and mentors were able to establish the personal

connections and trust that purely online interactions are not likely to provide. In

fact, only one teacher weakly preferred in-person interactions (Table D in S1 File):

‘Skype and Google Chat worked well, but I would have loved to be able to meet

with someone in person, even if it was prior to or after implementation of the

curriculum’.

Curriculum implementation involves an ongoing cycle of lesson preparation,

presentation and reflection (Fig. 1). Teachers first used the contextualized content

tutorials with their science partners to review the Unit level material in the teacher

text. The structure of this review emerged from the yearlong immersion in

scientific content the ‘gold standard PD9 teacher experienced during the module

design process. After this overview teachers and science partners then turned to

the lesson narratives and student workbooks to familiarize themselves with the

pedagogical approaches and physical materials used in each lesson as well as the

videos modeling teaching strategies. Teachers also consulted online discussion

forums for other teachers’ suggestions. MFF participants judged the contextua-

lized content tutorials as one of the most useful and valuable parts of our PD

approach with respect to fidelity of implementation (Table D in S1 File):

‘I believe that as a teacher, I have the expertise and ability to implement my

curriculum with my students, however I sometimes feel that my content

knowledge is lacking. The support that I find that I need as a teacher is support

that deepens my understanding and extension of content. Rather that (sic)

constantly working to try to re-learn or re-teach all the material to myself, it was

incredibly helpful to have a mentor who I could rely on and interact with

regularly. I didn’t feel so "alone" in my classroom’.

‘Having a "live" person to walk through each unit before I introduced it to my

class was like having my own mini college throw back seminar. Or better than

that, it is like a (finally) useful in-service where teachers are introduced

something that seems theoretical AND also given the practical application for the

classroom. Wow! What a concept’.

As the module began to be taught teachers could get additional help via

informal just-in-time support from their science partner. The just-in-time

support scaffold emerged in response to the productivity of the informal

interactions between teacher and science partner during ‘gold standard’ PD, so as

the teachers began to teach the module in the classrooms they were encouraged

utilize this on-demand support and be in touch via email, phone and text

Impacts of Novel Virtual Professional Development on Student Outcomes
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messaging as-needed. These serendipitous communications were often useful for

instructional components such as classroom discussions. For example, during one

sheep brain dissection lab, the brain displayed an abnormal growth near the

cerebellum. The teacher messaged a picture to the science partner who was able to

confirm the teacher’s predictions that it was most likely a tumor, provoking

further in-depth discussion among the class. It maybe worth noting that the

willingness of the teacher to seek a second opinion from the science partner while

in the midst of a lesson illustrates teacher-mentor trust. Not surprisingly teachers

also found this just-in-time access an expert critical to fidelity of implementation

and valued it highly (Table D in S1 File):

‘I think that the most useful aspect of the support was the regular access to an

expert. If I encountered questions or extensions in my preparations or in my

teaching, I always had an expert ready and eager to help.’

We had hoped that the teachers would utilize the support scaffolds provided in

MFF on a regular basis, and this was indeed the case. The cycle of ‘prepare, teach

and reflect’ continued on both unit and lesson levels as the curriculum progressed

through implementation. Just-in-time support after each lesson helped teachers

Fig. 1. How Modeling for Fidelity is used. The process of curriculum implementation has three stages -
‘prepare’ ‘teach and ‘reflect’ that occur iteratively on a lesson, unit and module basis. Modeling for Fidelity
support scaffolds are integrated into each stage as follows: The asynchronous online lesson plans and
student workbooks are primarily used during preparation for teaching, while the teacher text is used during
reflection after teaching to address student questions. The synchronous virtual mentorship interactions during
contextualized content tutorials are used during initial preparation, while just-in-time support is used to field
questions while the teacher is involved in teaching in the classroom. Finally the asynchronous live materials
found in the teacher scrapbook, videos, discussion forum and news blog are all ways to connect with prior
teachers’ experiences.

doi:10.1371/journal.pone.0114929.g001
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with student questions they could not answer. The information collected from the

lesson questionnaires and information about how and why teachers had adapted

lessons was aggregated into the online scrapbook (see Table 2).

Student outcomes

One critical aspect of the Fidelity of Implementation protocols employed during

‘gold standard’ PD that could not be replicated following MFF was classroom

observation. We circumvented this inability with an indirect, yet highly relevant

measure of implementation, namely objective assessment of student outcomes.

We employed the same measures of student achievement used to initially

determine efficacy of the ID (Infectious Disease) module, namely gains in

conceptual knowledge inventory and problem solving skills related to health

science literacy, attitudes towards the material, and finally self-efficacy in learning,

a critical metric for developing health literacy capacities [14].

Conceptual knowledge inventory and problem-solving skills: Fig. 2 shows the

individual paired pre-and post-test conceptual knowledge inventory scores.

Table 3 provides the numerical data for the groups by school. Even though

average pre- and post-test scores were highly variable among schools (p,0.001,

ANOVA) the pre- to post-change within each individual school was highly

significant (p,0.0001, paired t test). The fold post-pre change and effect size were

both largest in the ‘gold standard’ school, but these values were not significantly

different from the MFF schools. The schools represent a range of demographics.

To determine how this impacted outcomes, student data was replotted

individually by school, illustrating that the few (2/273) students who failed to

demonstrate gains were clustered in the urban general high school (Fig. 2).

To illustrate pre-posttest changes in student comprehension, we provide short

answers from a student who scored at the average of the cohort on the pre- and

post-test. The responses are to a question in the clinical case study: ‘One of the

reasons Sober in Somerville thinks he is not an alcoholic is because he believes he

could stop drinking at any time. Explain which areas of his brain control his

compulsions to drink.’

Pretest response: ‘The back part of his brain’.

Posttest response: ‘The parts of the brain’s reward pathway: VTA (ventral

tegmental area), NAc (nucleus accumbens) and PFC (prefrontal cortex). When he is

drinking alcohol, there is a release of dopamine from the VTA to NAc’.

Together the data demonstrate that the core ND conceptual knowledge

inventory and claims evaluation was accessible to a diverse student demographic,

including English language learners, regardless of whether teachers received ‘gold

standard’ or MFF PD. Moreover the type of PD experienced by the teachers does

not affect student achievement.

Attitude and self-efficacy

Our underlying rationale for developing the GD curriculum was that students will

engage with material they find inherently valuable, thereby improving their

Impacts of Novel Virtual Professional Development on Student Outcomes
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Fig. 2. Grouped and paired comparison of individual student gains in conceptual knowledge inventory and problem solving skills relevant to
neurological disorders. Top panel: Student scores (%) following the ND conceptual content knowledge inventory and problem-solving skills pre- and post-
tests plotted as mean (¡) SD by school. The description of each school appears below. The panel on the left represents a school whose teacher
experienced the intensive in-person professional development program we term ‘gold standard’. The three panels on the right indicate schools whose
teachers had experienced the ‘Modeling for Fidelity’ professional development program. See Table 3 for numerical data. In each case the pre-post
difference was significant p,0.0001, however there was no difference between any of the schools (ANOVA). Bottom panel: Student scores (%) following the
ND conceptual content knowledge inventory and problem-solving skills pre- and post-tests plotted as mean (¡) SD by school, disaggregated to show
individual students’ gains.

doi:10.1371/journal.pone.0114929.g002

Table 3. Conceptual knowledge inventory and problem solving skills.

School Setting Pre-test Mean (SD) Post-test Mean (SD) Paired Fold Change (SD) Cohen’ ‘d’

Comparison Teacher (Urban Exam) 19.14 (7.46) 65.28 (13.00)* 3.90 (1.88) 4.35

MFF Teacher 1 (Urban General) 11.27 (7.62) 37.37 (13.93)* 3.71 (1.89) 2.32

MFF Teacher 2 (Suburban General) 21.43 (9.56) 51.32 (17.64)* 2.80 (1.87) 2.11

MFF Teacher 3 (Regional STEM) 18.93 (9.57) 60.14 (12.00)* 3.52 (2.00) 3.80

Total (All schools) 18.63 (8.35) 60.03 (16.35)* 3.70 (1.91) 3.19

Pre-post gains in concept inventory and problem solving skills relevant to evaluating health claims in neurological disorders. Student gains in ND
concept inventory were evaluated from 10 multiple-choice and 2 short answer questions. Problem solving skills were evaluated from 5 case study questions.
Pre-post differences were measured by paired t test and were significant (*p,0.0001). Effect size measured by Cohen’s ‘d’ is very high (N5175 total
students from 4 schools).

doi:10.1371/journal.pone.0114929.t003
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academic performance. To begin to assess how students perceive ND we measured

student attitudes towards the material after the course was completed with an

online anonymous survey (Table D in S1 File).

Fig. 3 shows the individual paired pre-and post-test conceptual knowledge

inventory scores. Table 4 provides the numerical data for the groups by school.

Data showing changes in attitudes following participation were normally

distributed (Kolmogorov-Smirnov). Average retrospective-pre and post-test

scores and fold change were less variable between schools than conceptual

knowledge inventory data, but were not significantly different. Again the fold

change within each school was highly significant (p,0.0001, paired t test).

Likewise the effect size for each school was large measured by Cohen’s d (from

1.03 to 1.53) and was not significantly different regardless of the type of PD the

Fig. 3. Grouped and paired comparison of individual student gains in attitude and self efficacy toward learning about neurological disorders. Top
panel: Student self-reported changes in attitude towards studying neurological disorders following a retrospective-pre/post Likert scale survey (54 points
total) disaggregated to show individual students’ gains. The description of each school appears below. The panel on the left represents a school whose
teacher experienced the intensive in-person professional development program we term ‘gold standard’. The three panels on the right indicate schools
whose teachers had experienced the ‘Modeling for Fidelity’ professional development program. See Table 4 for numerical data. Pre-post differences were
measured by paired t test and were significant (p,0.0001), however there was no difference between any of the schools (ANOVA). Bottom panel: Student
self-reported changes self-efficacy towards studying neurological disorders following a retrospective-pre/post Likert scale survey (54 points total)
disaggregated to show individual students’ gains. The description of each school appears below. The panel on the left represents a school whose teacher
experienced the intensive in-person professional development program we term ‘gold standard’. The three panels on the right indicate schools whose
teachers had experienced the ‘Modeling for Fidelity’ professional development program. See Table 4 for numerical data. Pre-post differences were
measured by paired t test and were significant (p,0.0001), however there was no difference between any of the schools (ANOVA)

doi:10.1371/journal.pone.0114929.g003
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teacher experienced. Hence the PD experienced by the teachers does not affect

student attitude to the material.

An additional measure critically related to the health literacy goals of the

curriculum is student self-efficacy, which is students’ perception that they have

the capacity to learn about a topic. The fold change between schools was

particularly consistent (2.22–2.68) and highly significant (p,0.0001, paired t test)

within each school, and in this case, not the largest in the ‘gold standard PD’

school. Effect size for each school measured by Cohen’s d was large (Table 5).

Plotting student gains in self-efficacy individually by school revealed that the 3/

147 students who failed to demonstrate gains were distributed among the ‘gold

standard’ school (1) and the suburban general school (2). These data indicate that

participating in the curriculum significantly improves students’ perceptions of

their ability to learn about ND a critical element in initiating the life-long learning

required for health literacy, and these gains occurred irrespective of the type of PD

their teacher has experienced.

Within-teacher comparison of PD programs

One of the MFF teachers had also experienced ‘gold-standard’ PD with a different

scientist partner in preparation for teaching the Infectious Disease (ID) module of

the GD curriculum to the same group of students from the urban general high

school. Comparing their outcomes after participating in both modules (Table 6)

shows significant gains in all of the measures analyzed, regardless of the type of PD

their teacher experienced. The only measure significantly different between ND

and ID was self-efficacy (Cohen’s d 3.03 and 1.53 respectively). Whether this

larger gain following ND may reflect a dose response effect since students

experienced the ID module first deserves further investigation.

Discussion

Biomedical content specialists, typically associated with research medical

institutions, act as gatekeepers for the kind of cutting edge health science that

mirrors student real-world experience [14]. There is little professional incentive

Table 4. Attitudes toward content.

School Setting Pre-test Mean (SD) Post-test Mean (SD) Paired Fold Change (SD) Cohen’s ‘d’

Comparison Teacher (Urban Exam) 35.86 (11.40) 49.14 (10.36)* 1.45 (0.38) 1.22

MFF Teacher 1 (Urban General) 34.40 (15.85) 56.05 (12.24)* 2.01 (1.21) 1.53

MFF Teacher 2 (Suburban General) 33.67 (11.62) 47.92 (11.24)* 1.51 (0.42) 1.25

MFF Teacher 3 (Regional STEM) 29.47 (10.45) 41.47 (12.80)* 1.45 (0.30) 1.03

Retrospective pre-posttest self-reported gains in attitude relevant to the study of neurological disorders. Students were evaluated for their self-
reported changes in attitude with a retrospective pre-post test analysis. The survey had a total of 54 possible points. Pre-post differences were measured by
paired t test and were significant (*p,0.0001). The effect size was measured via Cohen’s ‘d’ is very high. (N5147 total students from 4 schools).

doi:10.1371/journal.pone.0114929.t004
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for them to engage with K-12 education, and as a consequence, this type of health

science is largely inaccessible both to students and their teachers. Our previous

project ‘A Collaborative Approach to Real World Science in the Classroom’ used

‘best practices’ for collaborative curriculum design to create a health science

curriculum focused on ‘Great Diseases’ of global significance. The experience

taught us that making this kind of material accessible requires intensive and

prolonged interactions between biomedical content specialists and teachers [14].

This observation led to the development of a program of long-term teacher

mentoring by science partners in the context of curricula implementation. The

purpose of this study was to determine whether key elements of the mentoring

relationship could be migrated to a scalable virtual environment in which the

parties could interact without geographic limits.

MFF was assessed with respect to how well it promoted fidelity of

implementation of the ND module in the classroom directly, via self-reported

teacher performance. Classroom observations, commonly a key component of

fidelity of implementation protocols are precluded by MFF9s distance learning

format [44–47]. Fidelity of implementation was also measured indirectly via

student performance. Student outcomes are arguably the critical benchmark of

successful implementation, but are rarely reported in PD studies [48–51] possibly

because they are difficult to interpret when common practices are used in different

Table 5. Self-efficacy.

School Setting Pre-test Mean (SD) Post-test Mean (SD) Paired Fold Change (SD) Cohen’s ‘d’

Comparison Teacher (Urban Exam) 17.29 (7.00) 37.80 (8.71)** 2.44 (0.86) 2.60

MFF Teacher 1 (Urban General) 19.25 (9.13) 42.75 (9.66)** 2.68 (1.41) 2.50

MFF Teacher 2 (Suburban General) 16.79 (7.91) 36.08 (7.99)** 2.42 (0.84) 2.43

MFF Teacher 3 (Regional STEM) 16.88 (7.66) 33.29 (11.59)** 2.22 (1.05) 1.70

Retrospective pre-post test self-reported gains in self-efficacy relevant to the study of neurological disorders. Students were evaluated for their self-
reported changes in self-efficacy with a retrospective pre-post test analysis. The survey had a total of 54 possible points. Pre-post differences were
measured by paired t test and were significant (*p,0.0001). The effect size was measured via Cohen’s ‘d’ is very high. (N5147 total students from 4
schools).

doi:10.1371/journal.pone.0114929.t005

Table 6. Within-teacher comparison.

Urban general school Pre-test Mean (SD) Post-test Mean (SD) Paired Fold Change (SD) Cohen’s ‘d’

Conceptual knowledge ‘Gold standard’ support (ID) 5.84 (7.93) 30.36 (16.06) 1.94

Conceptual knowledge MFF (ND) 11.27 (7.62) 37.37 (13.93) 3.71 (1.89) 2.32

Self efficacy ‘Gold standard’ support (ID) 18.83 (7.91) 41.48 (8.16) 3.03

Self efficacy MFF (ND) 34.4 (15.85) 56.05 (12.24) 2.01 (1.21) 1.53

Within teacher comparison between ‘gold standard’ and ‘modeling for fidelity’ professional development programs. The urban general high school
teacher taught two modules from the GD curriculum to the same set of students. The first module, ID, was prepared with ‘gold standard’ PD, while the
second module was prepared with MFF (the modules had different science partners). The effect size measured via Cohen’s ‘d’ was very high in all cases
and students made highly significant gains (p,0.0001, paired t test) in both measures regardless of the mode of PD their teacher had experienced.

doi:10.1371/journal.pone.0114929.t006
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classrooms with different curricula. This study, by assessing outcomes in the

context of a common curriculum, was able to circumvent that problem.

Student outcomes were similar, regardless of whether the teacher received in-

person training or interacted with their science partner virtually. Exposure to the

curriculum significantly increased students’ conceptual knowledge and problem

solving skills required to form a framework for understanding current and future

issues in ND. Conceptual knowledge is a recognized element of health literacy, but

understanding when conceptual knowledge about disease is most effectively

acquired is underexplored [52]. This data showed that the conceptual knowledge

and problem solving skills considered by the ND experts as essential for

establishing a framework for ND health literacy, was accessible to students at the

high school level. Moreover students understood the interactions between the core

ideas and could use them to solve problems similar to those that they may

encounter in a clinical healthcare setting, skills also demanded by current science

standards [16, 40]. Additionally, the curriculum also increased student self-

efficacy and attitude. Medical advances are rapidly evolving, and adequate health

literacy is dependent on ongoing independent learning. Belief in one’s capacity to

learn about a topic (self-efficacy) is highly correlated with actual capacity to learn

[53–55] and is a critical element of ongoing commitment to independent learning

[53–57]. Our results showed that prior to taking the course, students assessed

their capacity to learn the ND material as low, consistent with the lack of any prior

health-science literacy related accomplishments that would reinforce self-efficacy

of learning [53]. However, after participating in the curriculum, students’

perceptions of their capacity to learn about ND increased significantly,

demonstrating that the high school biology classroom is an underexploited setting

in which to improve student attitudes towards their capacity to learn skills

important for managing their health in a dynamic healthcare landscape [53–57].

Although high quality professional development that is content-focused is

possible in a purely online format [29, 50, 58] ‘best practices’ of online PD rarely

incorporate active learning techniques or a prolonged mentor relationship with a

content expert or measure student outcomes 17,26,32]. MFF incorporates

opportunities for sustained virtual interactions into more traditional online

educative materials, producing equivalent results to intensive ‘gold standard’ PD

and improving teacher practice. As one of the piloting teachers put it when asked

how participating in MFF had impacted practice outside of the ND module:

‘I break up my lessons. I search for ways to have the kids do more. I’ve

incorporated watching You Tube videos on things such as split brain and brain

anatomy as homework (which they LOVE). I’ve made up my own case studies

similar to the "what could go wrong" lab. In sum, the partnership between a

professional in the classroom and a professional in the field who really gets

teaching in absolutely invaluable. Absolutely. This was an amazing discovery for

me and enhanced both my class and my teaching practices overall.’

The teachers included in this case study have significant differences in

experience and teach a wide range of student demographics and abilities, yet most
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of their students demonstrated equivalent and significant improvements in

conceptual knowledge and problem solving skills, attitudes and self-efficacy.

Hence the MFF approach allows different teachers in diverse high schools to elicit

strong student performance, whether they serve English language learners, are

college preparatory, STEM focused or serve a variety of students in a suburban

setting. It will be important to try to gather more information reflecting the

interaction between teacher heterogeneity and PD with student outcomes, but this

kind of analysis will require a larger teacher cohort.

Our approach to curriculum implementation differs from others that focus on

establishing a rigid fidelity of implementation in the classroom [44–47]. The

curriculum was designed in partnership with teachers with the philosophy that if

teachers displayed mastery in content and an in-depth understanding of the

critical components of the learning objectives, they should feel empowered to

adapt lessons for their individual classrooms and to share the rationale for the

adaptation with us [59]. Overall this strategy helped to establish trust between

teachers and their science partners and led to a more accurate reporting of

implementation, which may be lost when teachers feel pressure to deliver lessons

in a prescribed way. Teacher adaptation of the materials fell into two general

categories: tailoring the context of a specific concept to the specific interests of

their students, or adapting the teaching method to best fit the learning needs of

their classrooms. Interacting with the scientist partner meant that any changes

made retained scientific accuracy and maintained the key learning objectives, as

the consistency of student outcomes revealed.

We also want wanted to probe whether MFF encouraged teachers to use an

active form of inquiry-based learning in their classes. Teachers were guided to this

approach through the educative materials and content trainings, particularly the

lesson narratives and videos, which modeled active inquiry based on extensive

Socratic discussion. The fact that teachers largely followed these instructional

approaches even though they were encouraged to adapt the lessons suggests that

the program successfully evoked these practices. Notably the teachers in this study

have utilized the module in successive semesters or academic years, continuing

their interactions with the science partner, further confirming that they deem

these elements of practice valuable. Interestingly there have also been significant

increases in the numbers of students taking this elective course since the GD

curriculum was introduced in the urban exam and general schools, confirming

both the relevance of health science to teenagers and the facility of the teachers

with the curriculum. Nonetheless an inherent limitation of MFF, like other PD

programs is that the participants self-selected to use the materials and participate

in the training program after assessing the curricular materials online. Whether

significant numbers of teachers who are not comfortable with an active inquiry

approach may be dissuaded from participating even before building the key

relationship with a science partner is not clear.
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Conclusions and Future Directions

The data presented here make three important contributions to research about

Professional Development: First PD programs that incorporate virtual interac-

tions between a teacher and a science partner by incorporating layers of

asynchronous and synchronous interactions over an extended period of time can

produce outcomes like intensive ‘gold standard’ PD. Second, that teachers

embrace this method of PD and value it particularly for its focus on rigorous

contextualized content and on-demand support, Third, that this PD approach

makes novel content accessible to diverse teachers who can in turn transfer the

content into their classrooms to elicit significant gains in their students. The data

also indicate that teaching about health in high school is an excellent vehicle to

address poor student engagement in science. To be engaged in learning, students

must perceive the content they are being asked to learn as valuable 5,7,8,10].

Given the broad cultural relevance of health, health sciences, like ND, provide an

opportunity to leverage topics inherently valued by diverse students to elicit

robust student engagement in science [14] as well as to open a new avenue to

foster HL education. Our future goal is to further streamline MFF to increase

scalability, strengthening the asynchronous training materials and building a

teacher network to foster teacher-teacher interactions in high school biology

classrooms across the country.

Supporting Information

S1 File. Supporting Figures and Tables providing extended datasets.
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