
No. of research proposal 

 2017   6טופס מס.
 

 

3 

 2017/75א/
 

Section 2: English Abstract 

Full title of research project 

 
Investigators: full name and affiliations  

 
Key Words 

 
Abstract 

 

Development of a decision support management tool for optimal utilization of 
advanced technologies in hospitals 

Scientific Background: The implementation of next generation sequencing (NGS) in 
hospitals often involves multiple conflicting managerial viewpoints and constraints. 
Objectives: To develop a multi-criteria-based decision tool, which considers clinical, 

operational and economic criteria for optimal integration of microbial NGS in hospitals. 
Methodology: The study comprised of four stages: I. A systematic literature review; II. 
Interviews with experts and stakeholders (n=10); III. Structured survey among 
specialists and directors of microbiology laboratories (n=52). IV. An analytical hierarchy 
process (AHP)-based survey among similar population (n=17).  
Findings: We identified three main operational models for implementing of NGS: Full 
In-house full outsourcing and a hybrid model in which the sequencing/analysis 
components alternate between in-house and outsourcing. Eight main criteria and 
multiple sub-criteria were identified: cost, manpower, laboratory infrastructure, 
bioinformatics requirements, computational infrastructure, quality control, motivations, 
and test goal. Manpower, costs and computational requirements were ranked as most 
influential on the decision. Multivariable models revealed that participants with vast 
experience were less likely to rank manpower as an influential criterion (p=0.014) and 
more likely to rank test goal as influential (p=0.110), for in-house sequencing/analysis. 
For the majority of criteria and most operational models, there was no difference 
between the rankings of participants with vast experience and others. The AHP 
method revealed that the most important criteria were manpower (0.410) for the in-
house model, and cost (0.465) for outsourcing model. 
Conclusion and Policy Implications: We comprehensively delineated for the first 
time, different criteria and sub-criteria for the implementation of microbial NGS in 
hospitals. Our proposed weights represent the relative importance of criteria and sub-
criteria and can guide decision-makers with regard to the feasible implementation of 
NGS in their organization, ahead of effectively implementing NGS in the clinical 
routine. Further research should validate the results of our study using real-world 
decisions to implement the technology. 
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Section 3: Hebrew Abstract 
 

 כותרת מלאה של המחקר

 
  ושיוך מוסדי שם מלאחוקרים: 

 
 מילות מפתח 

 
 תקציר

 
next-generation sequencing (NGS ) וגטכנולוגית הריצוף מס אתההחלטה להטמיע רקע:  

 קולים מרובים.במתאר האשפוז כרוכה בשי
לפתח כלי ניהולי תומך החלטה, המבוסס על קריטריונים קליניים, תפעוליים וכלכליים, מטרות: 

 באבחון מחלות זיהומיות בבתי חולים. NGS לצורך שימוש מיטבי בטכנולוגיית 
ראיונות עם מומחים וקובעי  II.סקירת ספרות שיטתית;. Iה שלבים: כלל ארבע : המחקרשיטה

בקרב מומחים למחלות זיהומיות ומיקרוביולוגיה קלינית  סקר מובנה .III(; n=10) מדיניות
. פיתוח כלי קבלת החלטות מרובה קריטריונים IV  (;n=52ומנהלי מעבדות בארץ ובחו"ל )

מומחים אשר השתתפו  בקרב analytic network process (AHP)ת יבאמצעות מתודולוגי
 (.n=17בסקר )

. 1: תפעוליים עיקריים ליישום הטכנולוגיה בבתי חוליםשלושה מודלים  ומופממצאים עיקריים: 
. מודל משולב . 3אלה. רכיבים מיקור חוץ של . 2ריצוף וביואינפורמטיקה במעבדה המקומית. 

עלות; כוח אדם; תשתיות מעבדה; דרישות ביו אינפורמטיקה; הקריטריונים הבאים: בנוסף, זוהו 
לפי הראיונות וניתוח . נולוגיה; ומטרת הבדיקהתשתית מחשוב; בקרת איכות; מניע לאימוץ הטכ

כי כוח אדם, עלויות ודרישות מחשוב דורגו כקריטריונים  ניכרתיאורי של ממצאי הסקר, 
ריטריונים ועל פני רב המודלים . ברוב הקWGS המשפיעים ביותר על ההחלטה לאמץ

בין הדירוג של משתתפים עם ניסיון רב לבין אלו עם ניסיון מועט ב  התפעוליים, לא היה הבדל
WGS.  הדירוג בשיטתAHP  העלה שהקריטריון החשוב ביותר בהחלטה להטמעת הטכנולוגיה

ץ הוא עלות בהחלטה להטמעת הטכנולוגיה במיקור חו( ו0.410במעבדה מקומית הוא כח אדם )
(0.465 .) 

ותת מחקר זה מיפה לראשונה באופן מקיף את הקריטריונים : והשלכות מדיניות מסקנות
אמידת המשקלות המדויקים של הקריטריונים . מודלים תפעוליים שונים קריטריונים על פניה

השונים שבוצעה במחקר הנוכחי, מהווה כלי ניהולי בכך שהיא מתארת את החשיבות היחסית 
הקריטריונים את  זהותבל ההחלטות להקריטריונים ותתי הקריטריונים ובכך מסייעת למק של

הקריטיים לאימוץ הטכנולוגיה במודלים התפעוליים השונים בהינתן התנאים והמגבלות 
לסייע להטמעה יעילה של  צפוימתקבלת ההחלטה. כלי זה  בההייחודיים למסגרת הארגונית 

חקר תהליך האבחון של מחלות זיהומיות בבתי חולים. מ הטכנולוגיה כחלק מהשיגרה של
מנת לתקף את ממצאי המחקר הנוכחי באמצעות קבלת החלטות לגבי -המשך נדרש על

 הטמעת הטכנולוגיה הזו בפועל.
 

 

 חוליםפיתוח כלי ניהולי תומך החלטה לשימוש מיטבי בטכנולוגיות מתקדמות בבתי 

 גוריון בנגב-אוניברסיטת בן, לניהול מערכות בריאות תובל, המחלקה-צחית סימון     
 ון בנגבגורי-אוניברסיטת בן, , המחלקה לניהול מערכות בריאותגלעד-יעקב מורן     

 

 קו

 whole genome sequencing; מיקרוביולוגיהבתי חולים ;מחלות זיהומיות ; ; analytical 
hierarchy process; ; םקבלת החלטות מרובת קריטריוני  בריאותדיניות מ  



No. of research proposal 

 2017   6טופס מס.
 

 

5 

 2017/75א/
 

 
 

Section 4: Executive Summary- Hebrew  
 

 מובילה למהפכהnext-generation sequencing (NGS ) טכנולוגית הריצוף מסוגרקע מדעי: 

 לרוב בשיקולים מרובים במיקרוביולוגיה הקלינית. ההחלטה להטמיע אותה במתאר האשפוז כרוכה

 ומורכבים, בהשקפות ובמגבלות שונות. לכן נדרש בירור, הערכה ותעדוף של המודלים התפעוליים, ושל

 .NGS הקריטריונים המעורבים בתהליך קבלת ההחלטה להטמעת

לפתח כלי ניהולי תומך החלטה, המבוסס על קריטריונים קליניים, תפעוליים וכלכליים,  :המחקר מטרות

למפות ולתעדף ( 1בפרט:  באבחון מחלות זיהומיות בבתי חולים.NGS רך שימוש מיטבי בטכנולוגיית לצו

גנומי  בור ריצוףבעיקר ע NGSת קריטריונים קליניים, תפעוליים וכלכליים, לצורך שימוש מיטבי בטכנולוגיי

( 2 י חולים;באבחון מחלות זיהומיות בבת –whole genome sequencing  (WGS ) של חיידקיםמלא 

לבחון ( 3 תפעוליים שונים להטמעת הטכנולוגיה; לבחון האם הקריטריונים הללו ידורגו אחרת במודלים

ניסיון רב עם הטכנולוגיה למיקרוביולוגיה בעלי  האם הקריטריונים הללו ידורגו אחרת בקרב מומחים

 .בהשוואה למומחים ללא ניסיון רב

ראיונות עם מומחים וקובעי  II.;סקירת ספרות שיטתית. I :םשלבי ארבעה: המחקר כלל המחקר שיטות

סקר מובנה בקרב מומחים למחלות זיהומיות ומיקרוביולוגיה קלינית ומנהלי מעבדות  .III(; n=10) מדיניות

 analyticית ימתודולוגבאמצעות קבלת החלטות מרובה קריטריונים פיתוח כלי . IV (;n=52) ובחו"ל בארץ

network process (AHP)  של מומחים אשר השתתפו בסקר שבשלב  תת קבוצהבקרבIII (n=17.) 

 בסקירת הספרות אומצה גישה נרטיבית על מנת למפות מודלים תפעוליים, קריטריונים

 Web of ו PubMed database מתוך המקורות שאותרו במאגרי המידע WGS - קריטריונים לשילובותת 

Science בשלב .II  ייל את הניסוח של המודלים התפעולייםטרה לאמת ולכמבנערכו ראיונות, 

 הקריטריונים והתת קריטריונים שעלו בסקירה השיטתית, ואף להוסיף עליהם, על מנת להבטיח תיאור

ם. באבחון מחלות זיהומיות בבתי חולי WGS ומפורט של הבסיס לקבל ההחלטה לשלב באופן מיטבירחב 

 עדף את הקריטריונים המשפיעים בעיקר עלר נערך במטרה לתקסמחקר חתך באמצעות  בוצע  IIIבשלב 

 שימש להשוואה בין  Kruskal-Wallis test .על פני מודלים תפעוליים שונים WGS ההחלטה ליישם

 עבור משתנים המתפלגים) T testם. הדירוג הממוצע של הקריטריונים במודלים התפעוליים השוני

 שימשו להשוואה בין(, משתנים שאינם מתפלגים נורמלית רובע) Mann-Whitney U Test ו)נורמלית

 לעומת אלו בעלי ניסיון מוגבל. מודל WGS ישוםדירוג הקריטריונים בקרב מומחים בעלי ניסיון רב בי

 לוגיסטי רב משתני נוסח על מנת לבחון את המשתנים המשפיעים על דירוג הקריטריון כמשפיע ביותר על

 ניסיון) WGS י תלוי המרכזי בניתוח היה הניסיון של המשיב עםתבלה משתנה. הWGSלאמץ ההחלטה 

מודלים אלו תוקננו למשתנים המסבירים הבאים: סוג (. דגימות בשנה 111ריצוף של מעל הוגדר כ רב

ת יפי מתודולגי-ועל IVבשלב השאר(. לעומת EU ) , ומקום הארגון(אקדמי לעומת לא אקדמי)הארגון 

AHPפי -זוג קריטריונים ותתי קריטריונים עליבות של כל ג את מידת החשדרל , נתבקשו המשתתפים

)חשוב הרבה יותר(. ערכי  9, עד )חשוב באותה מידה( 1בסולם של המידה שבה אחד יותר חשוב מהשני, 
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הדירוג הוכנסו למטריצה ומתוכה חושבו המשקל היחסי של החשיבות של כל קריטריון ותת קריטריון. 

 מנת לקבוע עקביות.נבחר על  0.25≤ביות וערך עקה בנוסף, נאמד מדד

 של II - ו I מודלים תפעוליים עיקריים ליישום הטכנולוגיה בבתי חולים מופו בשלבים שלושה: הממצאים

 . שירותי ריצוף2מבוצעים במעבדה המקומית. ( ניתוח הנתונים) . ריצוף וביואינפורמטיקה1המחקר: 

מבוצעים  ביואינפורמטיקה/שירותי ריצוף. מודל משולב שבו 3חוץ.  וריקוביואינפורמטיקה המבוצעים דרך מ

בנוסף, זוהו שמונה קריטריונים  .מבוצעים על ידי מיקור חוץ הריצוף/ושירותי ביואינפורמטיקה באופן מקומי

 ,למשל) לותע בבתי חולים: WGS - ותת קריטריונים מרובים המשפיעים על ההחלטה ליישם את עיקריים

תכניות  למשל, היכולת לספק); כוח אדם (הריצוף ובעלות התפעוללהשקעה במכשיר  ביםשאהמזמינות 

; (מתכלים למשל, זמינות מכשיר ריצוף וחומרים) ; תשתיות מעבדה(הכשרה או גיוס כוח אדם מיומן

; תשתית מחשוב (למשל, זמינות של כלי תוכנה אמינים לניתוח הנתונים) דרישות ביו אינפורמטיקה

של נהלים  למשל, קיומם) קרת איכותב; (סידורי אבטחת נתוניםינות שטח אחסון או זמ, למשל)

בניתוח מידע מקיף  למשל, הצורך בבדיקה מהירה יותר, או הצורך); מניע לאימוץ הטכנולוגיה (וסטנדרטיים

. (בדבזמן אמת או בדיע למשל, הצורך לבצע חקירת התפרצות או אבחון קליני) טרת הבדיקהומ; (ומדויק

קליניים, אכן נתפסים  קריטריונים קליניים, תפעוליים וכלכליים, ולא רק קריטריוניםהסקר העלה כי 

בקרב  ונותאיהרלפי בתהליך אבחון מחלות זיהומיות בבתי חולים.  WGS כמשפיעים על ההחלטה לשלב

וח אדם, כ כי וניתוח תיאורי של ממצאי הסקר, נראה( WGS אך עם ניסיון מוגבל עם)מומחים בתחום 

בעוד שמטרת , WGS עלויות ודרישות מחשוב דורגו כקריטריונים המשפיעים ביותר על ההחלטה לאמץ

כי ישנו סיכוי  הבדיקה והמניע לאימוץ הטכנולוגיה דורגו כמשפיעים פחות. המודלים הרב משתנים מעלים

שפיע טריון המריכק דרג את דרישות כוח האדםWGS (n=26 ) נמוך יותר שמשתתף עם ניסיון רב עם

יותר בקרב אוכלוסייה זו  ישנו סיכוי גבוהוכי  ,(OR = 0.20, 95% CI: 0.06-0.72, p = 0.014ביותר )

 ,OR = 2.61למובהקות ) לדרג את מטרת הבדיקה כקריטריון המשפיע ביותר, אך ממצא זה לא הגיע

95% CI: 0.81-8.44, p = 0.110 פן מקומי. לעומת נערכים באו חזאת, כאשר גם הריצוף וגם הניתו(, כל

בין הדירוג של משתתפים עם  זאת, ברוב הקריטריונים ועל פני רב המודלים התפעוליים, לא היה הבדל

 .WGSט ב ניסיון רב לבין אלו עם ניסיון מוע

אמד משקלות מדויקים למידת החשיבות של הקריטריון ותת הקריטריון בקבלת  AHPהדירוג בשיטת 

מומחים בתחום של מיקרוביולוגיה קלינית נכלל בניתוח.  17כנולוגיה. דירוג של הטת ההחלטה להטמיע א

מהם ניסיון משמעותי בריצוף )קרי,  13-ול EUמהם עובדים ב  10מתוכם עובדים במוסדות אקדמיים,  11

ריצוף היחסיים העלה שכאשר מעוניינים לבצע . חישוב המשקלות (דגימות בשנה 110≤ ריצוף של

אדם מקצועי היא  מידת הזמינות של כח, אז (1)מודל תפעולי  במעבדה המקומית יקהמטורוביואינפ

(. תמונת ראי נמצאה 0.268(. הקריטריון הבא בחשיבותו הוא העלות )0.410הקריטריון החשוב ביותר )

, 2 לי)מודל תפעו רך מיקור חוץדוביואינפורמטיקה  יצוףכאשר דורגו הקריטריונים עבור המעוניינים לבצע ר

ת המחשוב והביואינפורמטיקה דורגו תשתיבשני המודלים התפעוליים , בהתאמה(. 0.465לעומת  0.233

 4; ותשתיות המעבדה היו הקריטריון הרביעי בחשיבותו. עם זאת, בעוד שכל כקריטריון השלישי בחשיבותו
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עבור קבלת ת בואינפורמטיקה קיבלו משקל שווה של חשיביותתי הקריטריונים תחת תשתיות מחשוב ו

כאשר נשקל מודל תפעולי של מיקור חוץ, אז וניתוח במעבדה מקומית,  ףיצוההחלטה כאשר שוקלים ר

קיומן של תשתיות לאבטחת מידע ומשאבי רשת לצורך שיתוף מידע )למשל רוחב פס(, הינם בעלי משקל 

 שמעותי.מ וןחשוב יותר בהחלטה בהשוואה לתשתית העיבוד והאוטומציה והזמינות של נפח אחס

 רוב השימוש הנוכחי בגישה זו הוא עדיין WGSשל למרות היתרונות הפוטנציאליים הרבים מסקנות: 

 ,. הקושי ביישום הטכנולוגיה בשימוש קליני שגרתי נובע מאתגרים תפעולייםיישומי מחקרי ולא קליני

 יטריונים על פניקרת כלכליים וקליניים. מחקר זה מיפה לראשונה באופן מקיף את הקריטריונים והת

של  מחלות זיהומיות במסגרות בית חולים, והציג תוצאותבאבחון  WGS מודלים תפעוליים שונים ליישום

 תיעדוף של קריטריונים אלה על פי מקבלי ההחלטות בתחום זה. 

השונים הקריטריונים אמידת המשקלות המדויקים של : השלכות למדיניות והמלצות למקבל ההחלטות

חסית של הקריטריונים מהווה כלי ניהולי בכך שהיא מתארת את החשיבות הי ,הנוכחי קרמחב שבוצעה

תי הקריטריונים ובכך מסייעת למקבל ההחלטות להבין מיהם הקריטריונים הקריטיים לאימוץ ות

 םבהינתן התנאים והמגבלות הייחודיים למסגרת הארגונית שבה הטכנולוגיה במודלים התפעוליים השונים

חלטה. בכך, כלי שכזה יכול לסייע להטמעה יעילה של הטכנולוגיה כחלק מהשיגרה של הה לתמתקב

מנת לתקף את ממצאי המחקר -מחקר המשך נדרש על תהליך האבחון של מחלות זיהומיות בבתי חולים.

 הנוכחי באמצעות קבלת החלטות לגבי הטמעת הטכנולוגיה הזו בפועל.
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Section 5: Comprehensive scientific report - English 

 
1. SCIENTIFIC BACKGROUND 

Amongst the biggest revolutions of the 20th century are the antibiotics and vaccines, 

which significantly decreased the prevalence of infectious diseases and their adverse 

outcomes. Nevertheless, infectious diseases remain in the 21st century a leading cause of 

morbidity and mortality and are associated with a significant economic burden (e.g. £30 

billion a year according to a UK report) [1,2]. 

Healthcare-associated infections (HAI), are a special threat for public health, and a major 

contributing factor to medical complications, treatment failure and inpatient mortality and 

reduced quality of life [2]. Although HAI have been successfully controlled over the years 

in certain settings, it still remains a major problem, and thus early detection of 

transmission in the community and hospitals, appropriate antimicrobial treatment and 

surveillance and control of transmission of new antimicrobial resistant (AMR) strains are 

of utmost importance [2,3]. 

In order to control the spread of infection, the clinician should receive expedite 

information regarding the causative agent and prescribe the right drug (e.g. avoid 

prescribing antibiotic drugs to viral infections or using too broad a spectrum treatment 

regimen) in the right timeframe. Diagnostic test performance and turnaround time are 

central to efficient and judicious care and preventing inappropriate drug prescription, 

which in turn select for highly resistant pathogens, causes adverse effects and is very 

costly. Such optimization of infectious disease treatment is a key challenge for healthcare 

management. 

Next generation sequencing (NGS) technology has begun to revolutionize clinical 

microbiology, but its wide implementation in routine clinical settings is somewhat lagging 

behind as compared to other disciplines in which its use has become established, such 

as human genetics, clinical oncology and personalized cancer treatment [4]. Modern 

clinical microbiology is moving from phenotypic methods, using different assays in order 

to grow, detect, identify and characterize pathogens in clinical samples based on 

morphology, and biochemical properties to molecular methods which allow the detection 

of specific genes that correlate with different phenotypes.  

Microbial NGS determines the entire genomic sequence of the microorganism and thus 

allow characterization of pathogens in an unprecedented fashion, including taxonomical 

classification, prediction of resistance and virulence and epidemiological subtyping. 
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Whereas NGS may be applied in a culture-independent manner (i.e. metagenomics), the 

current study is focused on the application of NGS for whole genome sequencing (WGS) 

of bacteria downstream to culture isolation [5-7]. WGS has several notable advantages 

over standard microbiological methods with respect to strain characterization [8-11]. 

Incorporating WGS for an outbreak investigation may offer a greater degree of resolution 

underpinning appropriate and timely prevention and control strategies [12-18]. The latter 

has been shown to be the leading indication for WGS use [9,17]. In depth 

characterization by WGS may improve turnaround time (TAT) as compared to standard 

reference microbiology and enhance the technology's affordability [8,13,16,19-27]. In 

addition, WGS has advantages over traditional methods, for characterization of new 

pathogens, virulence assessment, and inference of resistance [19,28-32]. However, 

reported evidence for WGS-based in-silico prediction of AMR had concluded that 

currently WGS cannot yet replace traditional phenotypic methods [8,19,33]. 

Taken together, the growing experience with WGS and the increased accessibility and 

affordability of WGS create great opportunities for improving the management of 

infectious disease in hospital settings. However, the decision-making process and 

operational aspects of integrating WGS in routine diagnostic microbiology may be very 

complex and thus managerial, financial, and clinical criteria must be considered. There is 

paucity of information regarding criteria and clinical aspects of the integration of WGS in 

clinical microbiology, especially in routine low-to-medium resource settings, and these 

knowledge gaps are a significant hindrance for the adoption of this technology in 

healthcare systems. Thus, the current study is targeted at bridging these knowledge gaps 

by mapping and prioritizing criteria across different operational models of implementation 

of WGS for diagnosis of infectious diseases in the hospital setting. 

 

2. RESEARCH OBJECTIVES 

The overall aim of this research project is to elicit the fundamental information required in 

order to enhance the decision-making process for optimal integration of WGS in 

infectious disease diagnostic processes in hospital setting. 

Our specific objectives are: 

1) To map and determine the relative importance of managerial criteria supporting the 

decision to integrate WGS in infectious disease diagnosis in hospitals. 
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2) To examine whether participants’ experience with WGS implementation is associated 

with the prioritization of criteria of this decision. 

3) To examine whether there is difference in the prioritization of criteria across different 

operational models. 

 

3. RESEARCH HYPOTHESES 

Our working hypotheses are that: 

1. Clinical, operational and economic criteria (rather than clinical criteria only) will be 

perceived as influential on the decision to integrate NGS in infectious disease diagnostic 

processes in hospitals. 

2. Infectious diseases and clinical microbiology specialists with vast experience with NGS 

implementation will prioritize the various criteria differently from those with limited 

experience. 

3. The various criteria will be prioritized differently for different operational models of NGS 

implementation 

 

4. METHODOLOGY 

4.1 Part I: Systematic Review 

Search strategy and study selection: We searched the PubMed database and the Web 

of Science using the following search terms: whole genome sequencing, next generation 

sequencing, genomic technology, high throughput sequencing, public health, infectious 

disease, infection control, clinical, pathogen, microbiology, economic, cost, policy, quality 

control, workflow, operational, infrastructure, resource, prioritization, integration, 

implementation, incorporation. The reference lists of published articles included in our 

review relating to operational models or criteria for WGS implementation reviewed in 

order to capture other relevant studies. The search commenced on October 12th, 2017 

and was updated on September 2nd, 2018 with no limitation on publication date. The 

protocol for this systematic review has been registered on PROSPERO 

(#CRD42018097360). Two of the authors (JMG and VM) assessed eligibility of the 

studies independently based on predefined inclusion criteria. Our inclusion criteria were 

original peer-reviewed articles and reports of recognized professional associations, 

medical societies and government agencies published in English and discussing the 

applications of microbial WGS. We excluded non-English articles and reports. In light of 
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the goals set for the review, we adopted a narrative approach for synthesis of current 

knowledge. 

4.2 Part II: Interviews with experts 

In order to devise and articulate the alternative operational models, criteria and sub-

criteria that were elicited via the systematic literature review, and to identify additional 

ones, we conducted face-to-face interviews with ten experts in microbiology, infectious 

diseases and public health from Israel. Experts and stakeholders were addressed 

following the recommendation and based on professional acquaintance by one of the 

advisors (JMG), and participated in the study on a voluntary basis. The interviews took 

place at the interviewees' workplace and lasted up to 60 minutes. All interviews were 

recorded and the interviewer (VM) took clarification notes during the interview to minimize 

omission of information. Data was analyzed simultaneously with its collection in order to 

continuously articulate and update the list of operational models and criteria. The study 

protocol was approved by the Human Subjects Research Committee of Ben-Gurion 

University of the Negev (#1567-1). 

4.3 Part III: Online survey 

Study population: This cross-sectional survey was conducted among a convenience 

sample of infectious diseases and clinical microbiology specialists having special interest 

in advanced diagnostics. Inclusion criteria were: members of the European Society of 

Clinical Microbiology and Infectious Diseases (ESCMID) Study group for Genomic and 

Molecular Diagnostics (ESGMD), directors of microbiology laboratories in Israel, and 

directors of microbiology laboratories abroad (n=250). 

Study procedure: The questionnaire was distributed via e-mail (by sending an 

anonymous link generated by Qualtrics), and participants were recruited on a voluntary 

basis and were informed that their responses would be kept anonymous. Following 

respondents’ agreement to participate in the study, he/she were asked to complete the 

questionnaire. In order to increase response rate, reminders were sent twice. The study 

protocol was approved by the Human Subjects Research Committee of Ben-Gurion 

University of the Negev (#1693-1). 

Study measure: The survey questionnaire was developed by the research group for the 

purpose of this study. It includes all alternatives operational models, criteria and sub-

criteria for integrating WGS in infectious disease diagnostic processes in hospital that 

were elicited in stages I, II aforementioned. Respondents were asked to prioritize criteria 
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that mostly influence the decision to implement WGS across different operational models. 

The questionnaire included two main sections: first, respondents‘ characteristics 

(personal experience and organizational characteristics), and second, in which 

respondents were asked to rank the criteria and sub-criteria from the most highly 

influencing criterion (1) to the least influencing one (6), and across four operational 

models: full in-house sequencing and analysis; full outsourcing of sequencing and 

analysis; as well as a hybrid model in which the sequencing/analysis is done in-house 

and the analysis/sequencing is outsourced.  

The level of experience with WGS was defined as “limited” if the volume of 

samples/isolates that were sequenced annually were 100 and below, and as “vast” if the 

volume of samples/isolates that were sequenced annually were above 100. A 

dichotomous variable of experience with WGS was defined as “0” for participants with 

limited experience and “1” for participants with vast experience. 

Data analysis: Comparison between the average rankings of criteria in the different 

operational models was done using Kruskal-Wallis test. Comparison between the 

rankings of participants with limited and vast experience was conducted by T-test (if the 

rankings were normally distributed) or Mann-Whitney U Test (if the rankings were not 

normally distributed). Due to the final distribution of the rankings, the independent 

variable was defined as “1” if the ranking was 1-4 and zero if otherwise and a logistic 

multivariable model was specified. The core independent variable was respondent‘s 

experience (vast vs. limited). Additional predictors in these models included: type of 

organization (academic vs. non-academic), and location of organization (Europe Union 

(EU) vs. non-EU). Data were analyzed using STATA software (version 15.1, StataCorp, 

College Station, TX, USA). P values of ≤0.05 determined statistical significance in all 

analyses. 

4.4 Part IV: Analytical hierarchy process 

In this part an analytical hierarchy process (AHP) [34] based survey was conducted 

among infectious diseases and clinical microbiology specialists having special interest in 

advanced diagnostics, including directors of microbiology laboratories in Israel and 

abroad (n=40). AHP is not a statistically based methodology and it is acceptable to use a 

small sample size to achieve technically valid results [34-36]. Participants were asked to 

provide their answers to pairwise questions, such as: “for incorporating NGS in infectious 

disease diagnostic process, how much more important is criterion i to criterion j? on a 9-
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point scale, where 9 indicates extreme importance and 1 indicates equal importance of 

one criterion over another. A pairwise comparison was performed for all criteria and sub 

criteria (that were mapped in the previous parts of the study), and for two non-hybrid 

operational models: full in-house and full outsourcing. Respondents’ answers were 

entered to a pairwise comparison matrix and the eigenvectors were then computed. In 

order to confirm that participants’ preferences ratings were consistent, we computed the 

consistency ratio. An acceptable value of the consistency ratio value was ≤0.25. The AHP 

model was solved using the Microsoft Excel (2016). 

 

5. FINDINGS 

5.1 Part I: Systematic Review 

The Systematic Review was recently published in a Q1 journal [37]. Our original search 

identified 1,558 articles (first search and updating search excluding duplicates). Of those, 

1,408 were excluded based on their title and/or abstract by both reviewers, 2 full-text 

version were not available and 1 was not in English. The remaining 147 papers were 

assessed based on their full-text. Six additional articles were identified through reviewing 

of the reference lists of the 147. Fifty-five of them were excluded mainly since they were 

not relating to the implementation of WGS for diagnosis of infectious diseases and/or did 

not address microbial genomics or managerial aspects of implementation of the 

technology. Hence, 98 articles were included in the systematic review (see Figure 1, 

p.1088 in [37]).  

Alternative operational models for integration of WGS: Sixteen articles that were 

included in our review discussed operational models for implementing WGS. Principally, 

four main alternative operational models for incorporating WGS in clinical microbiology 

laboratories emerged from the review of the literature: 1. Full In-house sequencing and 

analysis services 2. Full outsourcing of sequencing and analysis services. 3. Hybrid 

model in which the sequencing is done in-house and the analysis is outsourced. 4. Hybrid 

model in which the analysis is conducted in-house and the sequencing is outsourced. An 

additional operational model, involves sequencing and analysis services are offered by 

public laboratories at a national level and are free of charge, as part of mandatory 

surveillance. Such a centralized operational model is out of the scope of the current 

review since it does not necessitate development of decision-making criteria. 
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It was argued that in-house sequencing and analysis would be more responsive to clients' 

needs due to the end-to-end availability of experts and the entire required infrastructure 

and the faster TAT [38]. To achieve a clinically relevant TAT, the in-house model will 

involve analysis of samples, in small batches or even individual urgent samples. This in 

contrary to other goals such as molecular epidemiology (in non-outbreak situations), 

where the analysis typically involves larger batches [39,40]. Adoption of an in-house 

model would facilitate a smooth transitioning from traditional methods compared to large 

national or international networks, where all laboratories must implement the same 

methods and standards, a process that may be hampered by disparities in trained staff 

and budget constraints [24]. That said participation in WGS networks may also facilitate 

the leap into genomics, especially in settings with lower resources. 

Outsourcing of both sequencing and analysis services may be preferable for small- to 

mid-size hospitals, especially those who cannot afford capital investments required for 

creating the sequencing and bioinformatics infrastructure. Larger hospitals that process a 

higher sample throughput, might prefer an in-house model. However, at peak demands, 

such as in disease outbreak, even large hospitals may need to rely on the outsourcing 

model [41,42]. Using the outsourcing model for sequencing may pool isolates from 

smaller laboratories to fill the required standardized sequencing run, and that may 

improve overall flexibility, quality, time and cost efficiency of sequencing [4,17,43-45]. 

Outsourcing of analysis services by online computational cloud might stimulate research 

collaborations and faster response to outbreak scenarios [41]. However, additional 

challenges may include assuring adherence to ethical standards (e.g. data safety and 

privacy) as well as regulatory considerations. 

The hybrid model incorporates in-house services with complementary outsourced 

services and enhances the need for high TAT with advanced resources and expertise 

[38]. Outsourcing can be applied for the sequencing and/or bioinformatics while some 

preparatory step and post-analytical steps are almost always performed in-house [16]. 

This model may result in slower TAT compared to in-house model [16,46], yet may 

minimize computational and technical support costs [46]. 

A survey from research settings (rather than acute-care hospital) revealed that 58% 

(19/33) and 45% (15/33) of researchers reported that they used NGS platforms in a core 

facility at their institution or in a collaborating academic lab, respectively. The minority this 

group used their own sequencer at their laboratory (13% (4/33)). In addition, the majority 
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of NGS users reported that they were analyzing sequencing data within their own 

laboratory although choices for using in-house or outsourcing services are made upon 

the needs of each individual project [47]. On the other hand, the European Centre for 

Disease Prevention and Control (ECDC) survey in 2016, among national laboratories, 

revealed that the access to bioinformatics expertise for routine data analysis in EU 

countries was limited [48]. Another survey in which most respondents were clinical 

microbiologists or infectious disease physicians revealed that WGS-based diagnosis 

would most likely be used in reference laboratories or in very large hospitals due to lack 

of in-house bioinformatics expertise and because of cost concerns [17]. On the other 

hand, a survey of end-users' requirements and attitudes towards an NGS proficiency 

testing, mainly among researchers and public health professionals highlighted that most 

respondents had internal NGS capabilities (84%(38/45)) [9]. 

Criteria for integration of WGS: Six main criteria and multiple sub-criteria that influence 

the decision to implement WGS in hospitals emerged from the systematic literature 

review: 1) cost (e.g. the availability of resources for capital and operational investment); 

2) manpower (e.g. the ability to provide training programs or recruit trained personnel); 3) 

laboratory infrastructure (e.g. the availability of supplies and consumables or sequencing 

platforms); 4) bioinformatics requirements (e.g. the availability of valid analysis tools); 5) 

computational infrastructure (e.g. the availability of storage space or data safety 

arrangements); 6) quality control (e.g. the existence of standardized procedures). 

Detailed description of these criteria and sub-criteria was recently published by our group 

[37].  

5.2 Part II: Results of the interviews 

Four of the interviewees were directors of public health laboratories (DPHs), three were 

directors of hospital-based clinical microbiology laboratories (DCMs), and 3 were heads 

of infectious disease units within hospitals (HIDs). Five of the interviewees had some 

knowledge regarding NGS technology but without actual experience, however some of 

them had comprehensive knowledge compared to others. Two of these five interviewees 

were DPHs, that take part in decision making of health policy in Israel, and three of them 

were DCMs. The other five interviewees included two DPHs and three HIDs who have 

already adopted NGS to some extent, in a restricted manner, according to specific 

research question and not as part of a routine use. We focused mainly on three aspects 

during the interviews: 1. The most plausible/preferable operational models for 
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incorporating WGS in infectious disease diagnostics; 2. The criteria for implementing 

WGS in clinical practice; and 3. Insights with regard to a useful managerial decision tool 

for WGS implementation in the hospital settings. 

Aspect 1: Interviewees were asked to delineate alternative operational models for 

incorporating WGS in clinical microbiology, which includes the pre-sequencing step (DNA 

extraction), sequencing and bioinformatics analysis. They mentioned all models that 

emerged from the systematic literature review. Participants were asked about the most 

plausible/preferable operational model to incorporate WGS. Three interviewees, all 

DPHs, argued that the first priority is that both sequencing and analysis will be conducted 

in-house. However, five interviewees (3 DCMs, 1 HID and 1 DPH) preferred full 

outsourcing as the first priority for implementing WGS. Only one, a HID, chose the hybrid 

model as the first priority. 

Participants differentiated between the need to procure a sequencing device and the 

need to hire bioinformatics experts as well as the availability of bioinformatics platforms 

for in-silico analysis. Five out of nine interviewees (one of the interviewees did not 

address this issue), 3 DCMs, a HID and a DPH, argued that it is preferred to use the 

sequencer at a core institutional facility, that may be used for various applications, such 

as human genomics in cancer and genetics. While two of them, both DPHs, had stressed 

that, ideally, it should be purchased by the local laboratory, however, due to cost 

constraints it would not be materialized at the beginning. Two out of the nine 

interviewees, a HID and a DPH, emphasized that it is only possible that an institutional 

core facility will purchase the sequencing device. They all agreed that choosing the right 

device depends upon WGS application (i.e. test goal). A DPH argued that in the publicly 

financed health system in Israel, the decision to purchase a device or services should be 

based on a tendering process that complies with applicable law. The provider needs to be 

recognized and validated by the Ministry of Health, and this required approval is another 

bureaucratic challenge for implementation. 

With regard to the need to hire bioinformatics experts, five out of seven participants, that 

addressed this issue (three DPHs, a DCM and HID) emphasized that the analysis should 

be implemented in-house. A DPH said, that before completion of bioinformatics training of 

the laboratory staff, it is inevitable to outsource the analysis services. However, following 

completion of the training program, bioinformatics should be conducted in-house. Other 

interviewees reported that the analysis should be outsourced through an expert center 
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harboring all the facilities of platforms and staff, addressing all stages of the infectious 

disease diagnosis process (from DNA extraction and sequencing to analysis and 

reporting). 

The majority of the interviewees indicated that the preferable operation model for 

implementation depends upon the test goal. A DPH highlighted that the purpose for using 

WGS should be clearly defined. Two DCMs, a HID and a DPH highlighted that an 

important criterion that will facilitate adoption of WGS in clinical practice is the criticality 

level of faster TAT. When the goal is molecular epidemiology (i.e. a non-real time 

outbreak investigation), three interviewees thought that sequencing device should not be 

purchased by the hospital and the bioinformatics should be outsourced, since there is no 

need for real-time results. In the contrary, when the goal is clinical diagnosis or real time 

outbreak investigation, WGS should be conducted in-house, in order to be amenable to 

faster TAT, for both sequencing and analysis. Two experts added that when the goal is 

investigating outbreaks, analysis should be implemented in-house, due to the need for 

tailored and precise answers for the investigated questions. However, another two 

interviewees emphasized that analysis and sequencing, for cases of clinical diagnosis or 

outbreak investigation, might better be outsourced through one central unit, providing 

different platforms for various applications of specific investigated questions, for real-time 

demands and will provide quality and fast results. Two interviewees emphasized that for 

all test goals, sequencing and analysis should be outsourced through one central unit. 

Aspect 2: Participants were asked to detail the clinical, operational and economic criteria 

that need to be considered when implementing WGS in infectious disease process in 

hospitals and to prioritize them by importance. 

Manpower requirements were ranked by 8 interviewees (three DPHs, three HIDs, and 

two DCMs), as the most crucial and significant criteria that influence the decision to 

implement WGS. The ability to manage and analyze big data depends on high proficiency 

in data interpretation which requires training programs and personal skills. Some 

interviewees emphasized that part of the training programs should be addressed by 

universities, and should be adjusted particularly to the clinical field. Two DPHs argued 

that it is important to consider the feasibility and potential effectiveness of applying 

training programs in bioinformatics of existent laboratory personnel. Two interviewees, 

one HID and one DPH, said that establishing posts for bioinformaticians within clinical 

laboratory is mandatory. 
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Cost: Five of the interviewees (two DCMs, two DPHs and one HID), reported that they 

have already used this technology, but except for one that uses it more often, the others 

seldom use it and mostly for research. Still, most of the interviewees reported that they do 

not have comprehensive information regarding market costs in a way that enables 

making rational decisions. Even though it was agreeable that NGS technology could not 

be implemented without a designated budget, the expenditures on devices and 

complementary computation and software, was ranked by 8 interviewees (two HIDs, 

three DPHs, three DCMs) as the second most important criterion that influences the 

decision to implement WGS. Only one, a DCM, ranked cost as the first most important 

criterion. In spite of the significant challenge of cost, five participants (two HIDs, two 

DPHs and one DCM) emphasized that it is often easier to allocate budget for non-

recurring expenses (such as for sequencing device) rather than for recurring costs (for 

example monthly wages). It is even easier if the sequencing platform is purchased for an 

institutional core facility, and thus provides services for multiple users and various test 

goals. One participant, a DPH, mentioned in this regard that the monthly salary for a 

bioinformatician is twofold compared to other lab worker. One interviewee which is a 

DCM, said that the cost of purchasing a sequencing device varies according to its 

technological features, some are more powerful and capable of multi-processing than 

others, while others provide manipulation on genome in high complexity, and thus 

eventually they suit different applications. Two interviewees (a DPH and a HID) said that 

outsourcing of sequencing is cheaper per test than handling its fixed costs and those 

costs of sequencing could be decreased by mutual collaborations between users and 

sequencing services suppliers. Additionally, library preparation which includes laboratory 

supplies, kits and consumables cost (i.e. for the pre-sequencing step) was mentioned, by 

one DPH, as the most significant sequencing costs. However, another DPH said that 

multi-processing could make it cheaper by handling a batch of samples in parallel. Four 

participants, two DCMs, a HID and a DPH, added the importance of having evidence of 

cost-effectiveness of implementing WGS in the clinical field over currently used methods, 

before deciding to implement WGS. A HID and a HCM argued that managers are 

encouraged to adopt advanced technology despite the considerable investment involved, 

since it has the potential to contribute to the institutional prestige. 

Quality control of WGS applications was mentioned by 8 participants as a criterion to be 

considered before implementing WGS. This criterion was mentioned as the first and 
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second most important criteria by DPH and by a HID, respectively. Interviewees stated 

that accreditation process of sequencing and analysis requires quality control and 

validation of the process using standard and acceptable protocols, especially for the step 

of pre-sequencing (e.g. DNA extraction and library preparations), which is fundamentally 

important for achieving precise results and reproducibility. Another DCM said that if the 

goal of using WGS is outbreak investigations, then the accreditation process would be 

easier due to the fact that there is already some consensus regarding using WGS for 

investigating outbreaks. 

Computational infrastructure: Three participants, a DCM and two DPHs, ranked this 

criterion as less influential (as the third, fourth and sixth most preferable criterion). They 

referred to data security and privacy requirements as an important criterion for  

the implementation decision, especially when it is metagenomic data and when it is 

stored in the cloud. 

Aspect 3: The last issue that the experts were asked to address was the characteristics 

of a future managerial decision-making tool that might help them to decide if, when and 

how to implement WGS technology. Four participants, a HID, two DPHs and a DCM, 

thought that a ―checklist‖ of all criteria and sub-criteria for this decision would be helpful 

for prioritizing the best operational model for implementing WGS. One of the interviewees 

added that this decision might not be perceived as significant compared to other 

decisions that the managers face annually. Thus, this "checklist" should contain specific 

criteria that will be adjusted to the specific context, namely the organization‘s 

characteristics, the decision makers' point of views with regard to ethics and equity. One 

DPH was in favor of the idea of developing a managerial tool, however, not for the initial 

decision concerning implementation of WGS, but rather for prioritizing the clinical 

scenarios by the extent to which WGS would be beneficial over currently available 

methods. Another DPH said that a decision tree might be useful if it will present the pros 

and cons of implementing WGS for each criterion against currently used technologies 

(two sides of the coin). 

As part of the interview, the experts were asked whether governmental incentives or 

regulations could promote the implementation of new technologies and whether they are 

familiar with such incentives or regulations. Only two participants, both DPHs, addressed 

this question. One said that incentives for adopting WGS for outbreaks could be 

beneficial due to the already proven effectiveness of WGS in outbreaks investigation. The 
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other said that policy or regulations could be applied according to the extent that the test 

is necessary. That person said that if the test was significantly beneficial and can 

contribute to a large population (significantly improve public health), then the regulator 

should enhance its implementation. The DPH added that governmental incentives could 

be defined with relation to quality indices of infection prevention in hospitals (similar to 

incentives applied in other clinical field, such as neonatal intensive care units or influenza 

vaccination), and this might promote WGS adoption while improving health outcomes. 

5.3 Part III: Online survey 

Characteristics of study population 

Seventy-seven participants started answering the online questionnaire. Twenty-five of 

them did not complete the core part of the questionnaire (ranking the criteria) and thus 

were not included in the analysis. The remaining 52 respondents were eligible for 

analysis. The organizations to which 34 respondents belonged (65%) were located in the 

European Union (EU), while 18 (35%) were located in other countries (other European 

countries (n=7, 13%), Saudi Arabia (n=1, 2%), South Korea (n=1, 2%), Hong Kong (n=1, 

2%), Qatar, Pakistan (n=1, 2%) and Israel (n=5, 10%)). Twenty-eight respondents (54%) 

worked in non-academic organizations (Governmental (n=12, 23%), other public 

institution (n=11, 20%), private ownership/industry (n=4, 8%), university hospital (n=1, 

2%)), and 24 worked in academic institutions (46%). The distribution of respondents' 

professions was as following: clinical microbiologists (n=26, 50%), laboratory scientists 

(n=15, 29%), infectious diseases specialists (n=3, 6%), genomic scientist (n=1, 2%), 

bioinformaticians (n=3, 6%), manager (n=1, 2%), medical molecular microbiologist (n=2, 

4%) other (n=1, 2%). 

Research hypothesis 1: Table 1 presents the ranking of the main criteria. It 

demonstrates that manpower requirements, costs and computational requirements were 

ranked as the most influential on the decision to integrate WGS in infectious disease 

diagnostic processes in hospitals, while the test-goal was perceived as less influential. 

Thus, our results support hypothesis 1, namely, operational and financial criteria rather 

than solely the clinical criteria are the drivers for the decision to implement NGS in the 

hospital setting. 

Research hypothesis 2: The univariable analysis between the rankings of 

participants with limited and vast experience across the different operational models 

revealed that there was significant (or marginally significant) difference in the rankings of 
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manpower requirements (p=0.018) and test-goal (p=0.069) in a model in which both 

sequencing and analysis are conducted in-house, and in the ranking of test goal 

(p=0.119) in a model in which sequencing is conducted in-house and analysis is 

outsourced. Thus, the multivariable analysis was conducted only for those three 

variables.  

The multivariable logit model for determinants of manpower requirements as the most 

influential criteria when both sequencing and analysis are conducted in-house revealed 

that participant with vast experience with WGS were less likely to rank manpower 

requirements as an influential criterion (OR=0.20, 95% CI: 0.06-0.72, p=0.014). The 

multivariable logit model for determinants of test goal as the most influential criteria when 

both sequencing and analysis are conducted in-house showed that participants with vast 

experience with WGS were more likely to rank test goal criterion as influential with 

borderline significance (OR=2.61, 95% CI: 0.81-8.44, p=0.110). The multivariable 

logit model for determinants of test goal as the most influential criteria when sequencing 

is conducted in-house and the analysis is outsourced demonstrated that experience with 

WGS was not associated with the ranking of this criterion (OR=0.45, 95% CI: 0.14-1.47, 

p=0.184). Thus, our results partially support hypothesis 2. 

 

Table 1. Ranking of the six criteria across different operational models  

Criteria Both 
sequencing and 

analysis are 
conducted in-

house 

Both 
sequencing 
and analysis 

are 
outsourced 

Analysis is 
conducted in-
house and the 
sequencing is 

outsourced 

Sequencing is 
conducted in-
house and the 

analysis is 
outsourced 

p-
value 

Manpower 3.12 ± 2.02 
(2) 

2.52 ± 1.41 
(2) 

2.54 ± 1.65 
(2) 

2.43 ± 1.37 
(2) 

0.584 

Cost 3.17 ± 1.87 
(3) 

3.21 ± 1.79 
(3) 

2.92 ± 1.66 
(2) 

2.75 ± 1.60 
(2) 

0.596 

Bioinformatics 2.92 ± 1.51 
(3) 

3.10 ± 1.49 
(3) 

3.06 ± 1.46 
(3) 

3.06 ± 1.83 
(2) 

0.897 

Laboratory 
infrastructure 

3.35 ± 1.43 
(3) 

3.37 ± 1.60 
(4) 

3.31 ± 1.54 
(3) 

3.55 ± 1.27 
(4) 

0.762 

Motivation 3.77 ± 1.49 
(4) 

4.21 ± 1.49 
(5) 

4.27 ± 1.48 
(5) 

4.27 ± 1.50 
(5) 

0.175 

Test goal 4.58 ± 1.38 
(5) 

4.60 ± 1.65 
(5) 

4.90 ± 1.24 
(5) 

4.94 ± 1.24 
(5) 

0.514 

Values are mean ± SD (median) 
 

The multivariable logit model for determinants of manpower requirements as the most 

influential criteria when both sequencing and analysis are conducted in-house revealed 
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that participant with vast experience with WGS were less likely to rank manpower 

requirements as an influential criterion (OR=0.20, 95% CI: 0.06-0.72, p=0.014). The 

multivariable logit model for determinants of test goal as the most influential criteria when 

both sequencing and analysis are conducted in-house showed that participants with vast 

experience with WGS were more likely to rank test goal criterion as influential with 

borderline significance (OR=2.61, 95% CI: 0.81-8.44, p=0.110). The multivariable 

logit model for determinants of test goal as the most influential criteria when sequencing 

is conducted in-house and the analysis is outsourced demonstrated that experience with 

WGS was not associated with the ranking of this criterion (OR=0.45, 95% CI: 0.14-1.47, 

p=0.184). Thus, our results partially support hypothesis 2. 

Research hypothesis 3: The comparison between the rankings of the six criteria across 

the four operational models is depicted in Table 1. Our results demonstrate that there 

was no significant difference in the ranking of manpower (p=0.584), cost (p=0.596), 

computational and bioinformatics (p=0.897), laboratory infrastructure (p=0.762), 

motivations (p=0.175) and test goal (p=0.514), across the different operational models. 

Thus, our results did not support hypothesis 3. 

 

5.3 Part III: Analytical hierarchy process  

Twenty-one participants began answering the online AHP questionnaire. Four of them did 

not complete the core part of the questionnaire (ranking the criteria) and thus were not 

included in the analysis. The remaining 17 respondents were eligible for analysis. Twelve 

participants were clinical microbiologists, 3 were laboratory scientists, and 2 were 

bioinformaticians. Most of participants (n=11) worked in academic institution, located in 

the European Union (n=10), and reported sequencing >100 samples/isolates annually 

(n=13). The participants perceived weights of each criteria and sub-criteria are presented 

in Table 2. 

The AHP method revealed that if one considers conducting both sequencing and 

downstream analysis locally, the most important criteria for incorporating WGS in the 

infectious disease diagnostic process in hospital is manpower (0.410). The second most 

important criteria in this case is costs (0.268). The opposite ranking was observed when 

considering to outsource both sequencing and downstream analysis (0.233 and 0.465, 

respectively). In both operational models computational and bioinformatics requirements 

was ranked as the third most important one; and laboratory requirements were ranked the 
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fourth, for both operational models (Table 2). While all four sub-criteria of computational 

and bioinformatics requirements had similar weights if both sequencing and analysis are 

conducted locally, if an outsourcing model is considered, then the existence of 

appropriate arrangements and infrastructure for data safety and security and networking 

capabilities (adequate band width, data sharing) are relatively more important than the 

scalability hardware and software (processing power, automation), and the availability of 

adequate storage space capacity. 

 

Table 2. The importance weight of the criteria and sub-criteria by the operational model  

Criteria Sub-criteria Full in-

house 

Full 

outsourcing 

Manpower requirements  0.410 0.233 

 The ability to provide training program for 

existing laboratory personnel 
0.196 0.143 

 The ability to recruit trained personnel 0.214 0.090 

Costs  0.268 0.465 

 Available resources for capital investment 

(laboratory equipment, data storage space, 

software costs) 

0.150 0.236 

 Available resources for variable costs (e.g. 

laboratory supplies and consumables and 

salaries) 

0.118 0.229 

Computational and bioinformatics requirements  0.204 0.175 

 The scalability hardware and software 

(processing power, automation) 
0.055 0.031 

 The existence of appropriate arrangements and 

infrastructure for data safety and security 
0.053 0.049 

 The existence of networking capabilities 

(adequate band width, data sharing) 
0.045 0.060 

 The availability of adequate storage space 

capacity 
0.051 0.036 

Laboratory requirements  0.118 0.127 

 

6. DISCUSSION & CONCLUSIONS 

Microbial genomics have been gaining momentum in recent years and evidence is 

accumulating around the world concerning the various advantages of this method. WGS 

has been praised especially in its role in the investigation of outbreaks [9,12-18,49,50], 

detection of resistance mechanisms and tailoring antibiotic treatment, vaccine 

development [51], improvement of patient outcomes and reduced treatment cost [52], and 
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diagnostic performance over conventional tests [53,54]. In spite of the potential benefits 

of this approach, most of its current use is still research rather than in routine clinical care. 

The difficulty in the implementation of the technology in routine clinical use stems from 

multiple operational, financial and clinical challenges. The current research sought to map 

these challenges systematically and prioritize them across different operational models 

for implementing WGS in hospital diagnostics through interviews and survey among 

experts in this field. 

According to the systematic review and interviews, there are four main possible 

operational models for implementing the technology within hospitals, depending on in-

house vs. outsourced performance of the ‘wet‘ and ‘dry‘ lab components. Our systematic 

review and interview identified six main criteria and multiple sub-criteria that influence the 

decision to implement WGS in hospitals: cost, manpower, laboratory infrastructure, 

bioinformatics requirements, computational infrastructure, and quality control. Our face-

to-face interviews added two criteria regarding the decision to implement WGS: 

motivation (e.g. the need for faster turnaround time, the need for comprehensive analysis, 

the availability of evidence that the technology is cost-effective, the need to respond to 

client demand and the need to improve institutional reputation); and test goal (e.g. the 

need to conduct real-time or retrospective outbreak investigation; the need to conduct 

real-time or retrospective clinical diagnostics or the need to conduct research). Our 

survey and interviews revealed that that manpower, costs and computational 

requirements were ranked as most influential on the decision to integrate WGS, while test 

goal and motivation were ranked as less influential. In addition, our multivariable models 

revealed that for the majority of criteria there was no difference between the rankings of 

participants with vast experience and those with limited experience with WGS. The AHP 

method suggests that the importance weight of the various criteria and sub-criteria are 

dependent on the operational model considered. Specifically, if one considers in-house 

sequencing and downstream analysis, the most important criteria for incorporating WGS 

in the infectious disease diagnostic process in hospital is manpower, while if one 

considers an outsourcing model the most important criteria is costs and the most 

important computational and bioinformatics requirements are with regard to data safety 

and security and networking capabilities.  

Part I of the study focused on mapping criteria (6 main criteria and 25 sub-criteria) across 

different operational models for implementing WGS. A previous systematic review of 147 
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studies in a related field (human genomics) found 23 challenges linked to the clinical 

implementation of Whole-exome sequencing (WES) [55], however it was mainly focused 

on the clinical aspects of the technology and not on the operational aspects. Similarly, a 

systematic review of 36 studies that delineated evidence of economic evaluation of WES 

and WGS [56] was focused only on the economic aspects of implementing these 

technologies without addressing the different components of costs separately (e.g. 

manpower costs or computational costs) and without addressing other operational 

criteria. Thus, our systematic review provided a unique and comprehensive perspective 

with regard to the criteria associated with the implementation of this technology across 

different operational models. Whereas we focused only on microbiology, our approach 

may be adopted for studying the technology in other medical disciplines. 

Different criteria may influence the decision to implement WGS differently and depend on 

the advantages and disadvantages of each operational model. It appears that the most 

significant advantage of adopting an in-house model was the fast TAT [44, 57, 58] and 

the capability to adjust the test to specific goals [38]. The direct relationship between wet 

and dry laboratory personnel and between those and the clinicians are expected to 

enhance the quality of the diagnosis and improve the capability to interpret the results 

[38, 44]. It was stressed that using outsourced services for clinical decisions should be 

carefully considered, due to the expected increase in TAT, especially for serious 

decisions such as tailoring of antibiotic treatment for complex infections [57]. However, 

the most significant advantages of adopting an outsourced model is that it does not 

require significant capital and operational investment in a complex and dynamic 

technological area, as well as provision of ongoing training programs to the laboratory 

personnel [17], which would potentially facilitate the engagement of new WGS users and 

eliminate barriers [47]. These advantages may be mostly influential on the decision of 

small hospitals to adopt this technology [41,42]. We summarized the differences and 

similarities in the implications of each criteria and sub-criteria while adopting full in-house 

vs. full outsourcing model for the implementation of WGS, from the point of view of a local 

hospital laboratory (for details please see Table 1, p. 1092 in [37]). 

Part II of our study was targeted in interviewing managers of hospital labs, of public 

health labs or of infectious diseases units, in order to articulate criteria and operational 

models for implementing WGS. Most of the interviewees thought that, especially for early 

stages of WGS implementations, WGS should be fully outsourced, as was stressed by a 
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previous survey [17]. This approach is more appropriate for retrospective outbreak 

investigations and non-urgent surveillance, and by batching samples, cost would drop to 

less than the costs of currently available methods [17]. Additionally, interviewees thought 

that after solving existing manpower barriers, an in-house model will be the leading 

choice for performing the analysis stage. In addition, the majority of our interviewees 

mentioned one central unit, which harbors both sequencing and bioinformatics services, 

is a better solution for implementing WGS [42] especially for a small country like Israel. All 

interviewees agreed that choosing the right operational model depends on test goal [47]. 

The clinical utility of WGS should be clearly defined and demonstrated in order to decide 

whether to implement WGS or not. Still, similar to our results in Part III, other concerns 

such as costs, which was the leading concern, as well as requirements for expertise in 

the ‘wet‘ and ‘dry‘ lab components and QC measurements, would strongly affect the 

decision [17,47, 55, 58, 59]. Clinical benefits and costs of sequencing [52], as well as 

evidence that this diagnostic approach is cost-effective [56], were previously 

demonstrated, yet, more evidence, specifically such that is coming out of the local Israeli 

health system is warranted. 

We found that as compared to participants with limited experience, participants with vast 

experience with WGS, ranked manpower requirements as less influential on the decision 

to integrate WGS, when both sequencing and analysis are conducted in-house. We 

assume that those who have experience (that sequence above 100 samples annually), or 

those who have accessibility to sequencing and data analysis, do not perceive manpower 

as a great barrier for implementation since they have their capabilities and face other 

salient barriers for implementing WGS. Geskin et al. conducted a survey among 

researchers which were stratified to current users of NGS, future users (not currently 

using but planning to use it in the next 2 years) and non-users (not currently using it and 

are not planning to use it in the next 2 years). The first group may resemble (yet not 

identical) our group of participants with vast experience, while the two last group may 

resemble our group of participants with limited experience. Roughly a third (31%) of the 

entire cohort (no between-group distinction was reported) cited the lack of expertise and 

person time as the leading obstacle for analyzing data. Nevertheless, there was no 

indication regarding which operational model was conducted. Additionally, 33% of current 

users and 24% of future users cited that a common obstacle to sequencing was cost (no 

inferential statistics were reported) [47], however, our results demonstrated no significant 
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difference in the ranking of the cost criteria among both groups. It was also found in our 

survey that participant with vast experience with WGS ranked test goal as more influential 

on the decision to implement WGS (with borderline significant), when sequencing and 

analysis were conducted in-house. However, it should be noted that we found no 

association between participants‘ experience and the ranking of test goal criterion when 

sequencing is conducted in-house and the analysis is outsourced. These mixed results 

highlight the need for further comprehensive survey among participants with different 

levels of experience with WGS. 

Our multivariable analysis unexpectedly and not according to the reviewed literature, 

revealed that there was no significant difference in the ranking of criteria (e.g. manpower, 

cost, computational and bioinformatics, laboratory infrastructure, motivations and test 

goal) between the different operational models. Apparently, as was already stressed, 

further comprehensive survey is warranted to verify these results. 

Our study has several limitations relating to study selection and inclusion methodology. 

First, our systematic review was limited to English-language publications and it is possible 

that there are other criteria that influence the decision to implement WGS published in 

other languages. Second, we identified criteria and sub-criteria for this decision in 

publications that had other primary objectives. Thus, these criteria were sometimes only 

mentioned or briefly discussed in text, while sometimes in-depth discussion was provided. 

This diversity made the extraction process difficult, and could have led to omission of 

additional criteria. Additionally, WGS technology is rapidly evolving and thus additional 

challenges for its implementation may emerge, especially when other applications, such 

as clinical metagenomics will be discussed in the future. Finally, the sample size achieved 

in our survey and the distribution of participants' rankings make it difficult to generalize 

the results to the general population of experts in the field. The limited sample size might 

stem from the assumed heavy cognitive load of the questionnaire, especially by 

participants with limited or no experience with WGS. Further research that will reach 

higher response rate is warranted in order to draw conclusions with regard to the 

prioritization of the criteria and sub-criteria across the different operational models. 

7. POLICY IMPLICATIONS AND RECOMMENDATIONS  

Notwithstanding these limitations, our study comprehensively delineated for the first time, 

the different criteria and sub-criteria for the implementation of WGS in infectious disease 

diagnostics in hospital settings, across different operational models, and provided results 
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with regard to their prioritization among decision makers in this field. Taken together, 

microbiologists and laboratory managers, infectious disease specialists and infection 

control practitioners, already understand the importance of taking the leap toward WGS 

since it constitutes a bridge between traditional sequencing method and future 

approaches such as clinical metagenomics. Microbiological laboratories should 

understand the importance of WGS in paving the way toward enhanced diagnosis, 

treatment and disease management and invest in the implementation of this 

technological gift, making sure they would be able to implement future NGS applications. 

In order to do so, different viewpoints, priorities, constraints and capabilities should be 

fully addressed by decision makers. Our suggested eight-criteria weights are a 

managerial tool that provide the relative importance of these criteria and sub-criteria and 

thus can guide decision makers with regard to the feasible implementation of WGS in 

their organizational context, thus effectively implement this technology in the clinical 

routine. Further research should validate the results of our study using real-world 

decisions to implement the technology.
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