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Abstract

Background In concert with other digital technologies, artificial intelligence (Al) is shaping the vision of smart
hospitals. The transformation into smart hospitals, however, is all but trivial due to the lack of financial and human
resources, digital skills, and supporting policies. Thus, the extent to which the vision of smart hospitals will eventually
become reality is uncertain. In this context, our study provides a multidimensional conceptualization of the immedi-
ate future of smart hospitals to 2042.

Methods This study employs an iterative mixed-methods approach, including expert workshops and a Delphi study.
We conducted a real-time Delphi study to forecast the evolution of smart hospitals in 5-year steps from 2027 to 2042.
A total of 39 experts in healthcare, artificial intelligence, and management participated.

Results Our understanding of a technology-enabled smart hospital in this study includes four dimensions: artifi-

cial intelligence (Al), sustainability, ecosystems, and human-centeredness. Our findings underscore the critical need
to address the shortage of hospital staff and general practitioners that models predict will peak by 2032. Additionally,
our results show a significant shift to individualized medicine and home care. This shift indicates that smart hospitals
are expected to leverage Al and digital technologies to tailor care to each patient. Furthermore, the roles and respon-
sibilities of hospital staff will undergo significant changes. Healthcare personnel will have to adapt to new technolo-
gies that facilitate more efficient workflows and improve patient engagement in evolving healthcare environments.
The results of our study suggest a shift in care to individualized medicine and home care, with corresponding
changes in the roles and responsibilities of hospital staff who will employ new technologies.

Conclusions The findings from our real-time Delphi study suggest that the vision of smart hospitals is gradually
becoming reality over the next 20 years. Advancements in artificial intelligence should enhance operational effi-
ciency and patient-centric care, while facilitating the integration of sustainability practices and fostering collaborative
ecosystems. However, addressing challenges such as staff shortages, ethical considerations, and the need for robust
digital skills will be essential. A deep pool of expert healthcare practitioners, clear ethical guidelines, and robust digital
skills are essential to fully realize this vision and ensure that smart hospitals can meet the evolving needs of healthcare
delivery.
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Introduction

Globally, the healthcare industry, particularly the hospital
sector, faces an inflection point due to demographic and
technological challenges. Labor shortages [1] and an aging

FS;;SE)C?V[;?}ZZ?E: population with an increasing prevalence of chronic and
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tech companies arise to compete with traditional hospitals.
Embracing the vision of smart hospitals addresses these
challenges. Some hospitals have already begun this transfor-
mation [1, 4-6]. The vision of smart hospitals is fueled by
powerful emerging digital technologies such as Al [7—10].

Al already plays an essential role in healthcare trans-
formation, with care and business models changing [11]
while technology’s impact on organizational processes
increases [12]. However, uncertainty about the use of
Al remains high. Substantial investment requirements,
decentralized regional care structures, and unclear reg-
ulatory frameworks pose barriers to the adoption of Al
and the smart hospital transformation process.

Germany is notable in this regard. The government
understands the need for digital transformation. Offi-
cials also aim to pioneer the development of safe bound-
ary conditions and implementation models that serve
the entire sector. The “Act of the Hospital of the Future
(KHZG)” [13] requires hospitals to comply with and
implement digitalization measures that create bounda-
ries for Al implementations and other digital solutions by
2025. To fulfill legal requirements and ensure the viabil-
ity of the entire healthcare sector and of single hospital
organizations, as well as prepare the industry and related
organizations for the future, healthcare industry deci-
sion makers in need a clearer vision of smart hospitals.
Unfortunately, extant literature paints an incomplete pic-
ture of how future hospitals may look, what the relevant
dimensions of smart hospitals are, and what role AI will
play. First, we identified a lack of clear definitions and
frameworks for smart hospitals. Second, we identified
a research gap regarding the challenges and influencing
factors that shape the trend of transformation into smart
hospitals. To illuminate this complex transformation pro-
cess, we formulate the following research questions:

RQ1) What characterizes a smart hospital and what
are its most important dimensions?

RQ2) What future challenges will the (German)
healthcare sector face and how can Al address these
challenges as hospitals transform into smart hospitals?

To answer these questions, we conducted a Delphi study
with health and Al experts. We forecast the future of smart
hospitals, the associated transformation challenges, and
the broader healthcare context in which smart hospitals
will be embedded. We focus on the period from 2027 to
2042. We hope that our insights will help decision-makers
shape and implement the vision of smart hospitals.

Conceptual background
Extant conceptualizations of smart hospitals are scarce
and vary in detail and comprehensiveness. Kwon et al.
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2020 center their conceptualization on information and
communications technology. This includes aspects of dig-
ital services which provide energy and resource efficiency
[14]. Holzinger et al. 2015, proposed that smart hospitals
also need physical-digital ecosystems and human-cen-
tered designs to thrive [15]. This conception of a smart
hospital as an intelligent, technology-driven yet human-
centered system can be a fruitful starting point for our
research. However, we see the need to further explicate
the concept of smart hospitals and its constitutive dimen-
sions. Below, we develop a conceptual framework that
serves as the basis for the main Delphi study and our
attempt to forecast the future of smart hospitals.

The artificial intelligence dimension of smart hospitals
Smart hospitals are seen as technologically advanced
organizations that utilize Al and digital health data like
eHealth, Telehealth, IoT solutions, robotics, high-speed
communications [16, 17], and even blockchain [18].

Digital technologies that collect, process, and share
data help enable AI usage [15, 16]. Al is already ubiqui-
tous in computer science, research, and policy-making.
However, it is still in its infancy in healthcare organiza-
tions [19], especially due to missing strategic guidance on
implementation in healthcare processes [20]. AI promises
to find patterns in data, extrapolate, interact, recognize
objects, and detect illnesses [6]. The rise of computational
power, storage capacity, and transmission speed (e.g. 5G)
are paving the way for Al to become the powerhouse of
future innovations and organizational efficiency. Besides
being a specialized tool, AI will also be a key enabler for
personalized medicine and systems medicine [21-23], as
well as stakeholder-oriented healthcare [24]. As such, the
use of Al will be a constitutive dimension of the concept
and vision of smart hospitals.

Hurdles, however, are numerous. They include interop-
erability and regulatory [25] as well as data privacy con-
cerns [26]. As health data often contain highly sensitive
personal information, achieving privacy and trust that
the technology will work error-free remain challenges for
the future of smart hospitals [27].

The sustainability dimension of smart hospitals

Smart hospitals will also need to ensure their economic,
social, and ecological sustainability. The UN Sustainable
Development Goals, particularly the need for reliable and
sustainable energy (SDG 7) and infrastructural resilience
and sustainability (SDG 11) are of central importance for
the future of hospitals [28]. Progress has been made, for
instance, with sustainability in hospital food supplies and
services [29]. Simultaneously, findings on enablers and
inhibitors for sustainability actions in hospitals [30], show
that digitalized processes can lead to decreased resource
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consumption compared to non-digital approaches.
Researchers call for future hospitals to be designed and
operated with a focus on using resources efficiently and
minimizing the environmental impact of healthcare ser-
vices [31]. For example, this can involve using sustain-
able building materials, implementing energy-efficient
systems and technologies, and adopting environmentally
friendly practices in areas such as waste management and
transportation. Other areas of sustainability in healthcare
include avoiding non-recyclable waste, especially plastics
and disposable products, which play a particularly impor-
tant role in sterile hospital environments [32]. For smart
hospitals, sustainability must include digital systems and
their often substantial energy demand [33]. Thus, smart
hospitals also must become green hospitals [34, 35].

the Ecosystem Dimension of Smart Hospitals

Smart hospitals will increasingly extend their scope
beyond their physical location to become integral parts
— and potentially even the orchestrators — of broader
healthcare ecosystems. Clearly, the healthcare system
and its interaction with non-healthcare actors and stake-
holders are evolving [3, 36], as new (digital) technologies
and actors enter the scene. Smart hospital organiza-
tions must embrace this as an opportunity and nurture
a broader ecosystem of stakeholders beyond their own
organizational boundaries. These stakeholders include
other healthcare providers, insurance companies, phar-
maceutical and medical device companies, tech compa-
nies, and patient advocacy groups [37]. The importance
of this ecosystem dimension is likely to increase in the
age of Al, because data sharing is key to training Al sys-
tems. Decentralized and isolated hospital structures
inherently lack necessary data, such as longitudinal data-
sets. Not only is interface openness and interoperability
crucial, but also the involvement of all relevant stake-
holders to pave the way for widespread Al acceptance
and usage [24, 37]. This interplay can enable innovation,
especially in technological and Al-driven environments
[38], and can lead to a collective intelligence [39]. Mul-
tiple studies have shown that open ecosystems enable
greater space for knowledge exchange, collaboration,
and partnering. Therefore, open ecosystems foster inno-
vation [2, 40-42]. Openness to ecosystem partners may
also help smart hospitals become more resilient and bet-
ter able to act in times of uncertainty [43]. As such, the
future of smart hospitals is likely to be one embedded in
broader ecosystems.

The human-centered dimension of smart hospitals

Finally, but perhaps most importantly, smart hospitals
must be inherently human-centered, using digital tech-
nologies for the benefit of staff and patients. Human
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empowerment is seen by many as “one of the core features
of healthcare” [44]. As the role of Al in hospitals grows, it
also affects patients. For example, it can empower them
by conferring greater data transparency and health liter-
acy [45]. Researchers predict that Al will change not only
the experience for all stakeholders involved, but also may
shift professional roles and identities [46—49]. There-
fore, researchers and practitioners alike expect a shift in
job profiles and qualifications to accommodate techno-
logical advancements that augment or automate parts of
the healthcare process [50].Completely new job profiles
could emerge, for example, incorporating concepts such
as home treatment. We see human-centeredness as an
integral part of our conceptual framework of smart hos-
pitals. Human-centeredness shapes how smart hospitals
(1) employ co-creating tools and software with patients
and other stakeholders [51, 52], (2) develop novel, often
Al-augmented rather than fully automated treatment
processes and services [53, 54] and more broadly (3) seek
to improve patient experiences [55] and patient journeys
[56].

To sum up, the concept and vision of smart hospitals
rests on four pillars: Al usage, sustainability orientation,
ecosystem embeddedness, and human-centeredness.
However, neither practitioners nor researchers can pre-
dict to what extent — and when — this vision of smart
hospitals might become reality. Knowledge about poten-
tial futures will enable today’s decision makers to shape
tomorrow’s hospitals.

Prior forecasting studies

We identified three types of forecasting studies to guide
decision makers interested in the possible futures of
smart hospitals, though we found no single study fore-
casting the future of smart hospitals. We give a brief
overview of these Delphi studies, identify important gaps,
and show how our study can bridge these gaps, extending
existing knowledge and creating a better understanding
of the future of smart hospitals.

The first type of Delphi study focuses on a specific phe-
nomenon, such as how Al helps identify individual dis-
eases or treatment patterns, for example in the field of
colonoscopy [57]. A second type of Delphi study focuses
on the development of guidelines for the usage of Al in
healthcare. Delphi studies have, especially related to clin-
ical trials, provided multiple insights on how to improve
the evaluation of Al systems [58—-60], provide ethical use
recommendations [61], or employ AI [62]. The third, and
for this study most relevant, type of Delphi study focuses
on the healthcare sector in general and its organizational
and technological development trajectories. Table 1 pro-
vides an overview of the identified Delphi studies, with
their corresponding relevance, scope, and limitations.
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Jointly, these studies highlight the increasing impor-
tance of technology and Al in healthcare. While these
studies provide important snapshots of specific topic
areas, the research literature still lacks a systematic
and integrated analysis of the four dimensions of smart
hospitals.

Methods

Given the future-oriented perspective of our research
questions, we rely on the Delphi method for forecast-
ing and scenario development. Forecasting and scenario
building are systematic and methodical approaches to
preparing management decisions [70], strategies, and
action plans [71]. Forecasting involves predicting future
events or trends based on current data and analyses.
Scenario development involves creating descriptions of
potential future events or outcomes based on a variety
of assumptions, opinions and variables [72]. Forecast-
ing technological developments or changes can be par-
ticularly challenging for companies and managers. [73].
Scenarios should thus function as reliable visions of the
future [74] and should include varieties of future scenar-
ios in staged time horizons. It is especially important to
keep in mind that a strategy is not a single roadmap that
linearly guides organizations into the future. Instead, a
strategy provides the means to create an attractive mar-
ket position and operate in stable ways [75]. A Delphi
study as an established forecasting method can help iden-
tify, construct, and clarify the future to a certain extent
[76]. Developed by the RAND Corporation decades ago,
the method uses repeated questionnaires and interviews
to build expert consensus about future events [77]. Del-
phi studies involve multiple rounds of expert interviews
to reach consensus. They can be conducted in a fully digi-
tal format, without face-to-face interviewing [78]. Such
approaches allow experts to adjust and update their opin-
ions in real time [79]. Given the ability of Delphi studies
to provide expert consensus, enhance the accuracy of
predictions through iterative feedback, and foster collab-
oration among diverse stakeholders, we decided to follow
this approach for our study.

Our study followed three main phases (see Fig. 1), [8,
83], which we describe in greater detail below. Initial data
collection began in February 2022 and the three phases
were completed in January 2023.

Phase one: validation of smart hospital dimensions

In phase one, we focused on validating and refining our
conception of smart hospitals and its constitutive dimen-
sions to obtain a robust baseline for our Delphi study.
The extensive desk research, which contained a scoping
review presented in the conceptual background, iden-
tified four important dimensions of the smart hospital
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concept. In four workshops (90-120 min long) with six
experts, we sought to validate and refine this framework
using six open-ended questions: 1) What defines a digi-
tal hospital? 2) What defines a future smart hospital? 3)
What distinguishes a digital hospital from a smart hos-
pital? 4) How will value be created in hospitals in the
future? 5) How can hospitals become smart? 6) What
statements can we derive that can measure current initia-
tives intended to develop smart hospitals?.

Workshop participants discussed the characteristics
and dimensions of the smart hospital from their perspec-
tives. Overall, they confirmed the relevance of the four
main dimensions: artificial intelligence, sustainability,
ecosystems and human-centeredness. We were able to
map most of their statements and comments to one or
more of the dimensions summarized in Fig. 2. Finally, we
iterated back to literature, updating the conceptual back-
ground of our study based on the insights received dur-
ing the workshops.

Phase two: projections development

Based on the results of the first phase, we conducted a
workshop with 19 healthcare and technology experts. We
asked them to name factors that could affect the future
of smart hospitals and then develop comprehensive pro-
jection statements within the four main dimensions. The
workshop consisted of sequential steps, including a pres-
entation of a STEPE framework to identify higher-level
trends, a timeline of past innovations, and group discus-
sions. The STEPE framework is frequently used for busi-
ness analyses and has been helpful in developing Delphi
projections [8, 83]. During the first step, we asked partici-
pants to identify technologies likely to shape the future of
smart hospitals [84]. In the second step, we presented the
STEPE-framework and gave experts time to add relevant
sociocultural, technological, economic, political and eco-
logical impact factors. During the following group discus-
sion, we created a final set of impact factors. Each expert
received 10 points and had to distribute them according
to his or her individual assessment to evaluate the impor-
tance of the impact factors [85]. Summing up the points
for each of the five factors separately resulted in the fol-
lowing ranking of their importance: sociocultural factors
(34%/65 points); technological factors (26%/49 points),
economic factors (19%/36 points), political and legal
factors (12%/23 points) and ecological factors (9%/17
points) (see Fig. 3). The results show that the highest-
ranked single STEPE factor is chronic staff shortage (20
of 190 points). The second highest factors are patient
empowerment and gender-specific medicine (17 points),
and last are demographic changes and telemedicine (16
points each). This finding is particularly interesting con-
sidering the importance that might be assigned to two of



Page 5 of 21

(2024) 24:1421

Jovy-Klein et al. BMC Health Services Research

|V UO sS3) ‘salb

-0|0UYd3} [PUBIP pUR S|9POW Ssauisng
'suoIle|Nbai 's2IN3dNIIS UO SNDOJ YIIM
2£07 0} SWIRLDUI 1SPIDI0) 91RISPOIA

sabua|eyd pale|ai 2iedYyijeay

J3U310 URY1 JBY3RI 'SDIAjeUe pue suol
-edjjdde ‘eyep usamiaq Aejdisiul ayy pue
saibojouydal [eubip ybnoiyy £A1s6
-INS JO UOIIN|OAS 31 UO SN0} Jea|D)

SIDIAIDS pUR JUBWHeURW ABO
-|ouyaa) A21j0d ‘s10108 Y1|eay Usemiag
Kejdia1ul ay1 uo Buisnooy ‘pado

-|9ASP U33(q SBY [9pOW Yijeay

1JBWS B 249YMm eUIyD JO uolbal e uo
SN0} pue 57Is 3|dwes payiwir]

P31ONPUOd
Apnis 1ydag ur suonoipaid jo Aoeindoe
paWI| pue sLadX3 || € pUB S[eUOISSS)
-0id a1e2y)|eay G JO 37IS 3|dwes paywir]
S31IUN0D

SWODUI 9|PPIUW PUE MO| WO S9AI1dRdS
-13d uo s3asn20y Apn3s 1yd|aq saaninsul
213531 JO S313ND.J AUSISAIUN WO
pa1nidal Ajutew aam sisipued 1ydieg

0£0z 01 dn Auewian) ul aupIpaw
SWIa1SAS Ul syuswdojaasp bunoipaid uo
SND0J buo11s B PelSuUl ‘938) [|IM sjeudsoy
s9bU3|[_YD SY1 PUB |y UO SND0) 5597

siuelsisse |euosiad 1uabijja1ul
p3|qeus-3210A Hunabiel adods Apnis
oUI5ads ‘SIeak G JO SUIBIDWIL 15EDI0

VSN 241 Wouj
syuedidiued JO 9518 Yum azis ajdutes
paWl| ‘6207 01 polad 15833104

suadxe

[EDIUIPD JO 9715 3|dWies pa1iwl| pue ‘a1ed
[BWIXBW JOU ‘318D AJI3P|3 UO SNd04
(€/7/1 punoi Ul spadxe

8/C1//0¢=U) a27is s|dwles buiuipap pue
pa1WI| 'S|00} |y Yum aouauadxa [ediuld
yonw aAeY 1Jou pip syuedpiled ydiag

2dods peoig 010z Ul p2123]|0d e1e(

Abojouyday pue uonenbal
‘S|]9POW $sauIsNQ ‘9besn erep HulsNdo}
‘siendsoy Jo uolewojsuel [e1big

A12buns |eubip jo uonedidde ayy ul
|0 uerodwi ue shejd Ajdauipul Iy

Yiesy
1IeWS Ul |y pue ABojouydal Jo 3|0y

papPIU d1edYY ey Ul
abesn |y jo yoeoidde pasanusd-1asn

s1dadu0d Bulleys pue Buiylys sel
PaYSI|ge1SS Ul |y JO UOISN|DUl JO X7

POPadU SUIDIPAW SWISISAS 10}
AIqiseay 01U ydleasal Jayling

sjeydsoy ul 9|0l Juey
-lodwi ue aney Aew |y [BUOIIRSISAUOD)

suedisAyd pue siuaied Joy
Aoela1| |y pue yieay [eubip 1oj pasN

abesn
|/ 40j 5|00} uopiez|je)bip Aleujullaid

SAI1D3YD pue 3Jes
'P1BN|AS 2¢ 0} SPI3U 24edYYeaY Ul |y

a1ed
-yyjeay ui saibojouyday Jo sduerodull

e0c |hun
101235 21eDU1{e3Y B} Ul BuIsed10)

SPUNOI 7 ‘(AUBWLISD) SND0J) S1I2dXD 85 olleuads uonewlojsuel) [eubig  [69] €207 ONYISOr-12uyog 13 2G20Y

salbojou

$3UIUNOD 3|diNW WOl SHaAXD 8¢ U231 Mau Jo asn pue A1abuns [eubig [9¥] Z20T “|e 19 weT

spunoi ¢

‘(euryD) A13UN0OD 3UO WOl sHadXa 0| |esodoud yiomawlel) yijeay Hews [89] 7z0Z “|e 32 Buag

SpunoJ ¢ ‘A1UN0D | Woly sHadxa g Je1s aledyyjeay Jo uopdadiad |y [6+] 120T “|e 39 slauulys

96r1I0YS IS IOM diedY1|eY IO} [8v]

SPUNOJ € 'S3LIUNOD 9 WOk sHadXa G| uonN|os se bupeys pue Bumiys ysel 120Z "2 32 U0

spunou g ‘(Auew

-J99) A11UN0D SUO WOl SLAAXD €€ 24BDU3(P3Y Ul SUIDIPaW SWISAS (2] 120Z "2 12 Uswwa

S9LIUNOD | NW WOl SURAX2 /7 1S 0IUO [ [PUOILSISAUOD JO 1oedul| [£9] 1Z0Z 'snu2q1] 3 eujjou

aled Atewud Joy
Buuies| sulydew Jo sduenodw|

spunoi ¢ “(vSn

SN20J) S3LIUNOD G WIOJ) SHadX €| [99] 020Z “|e 12 95e3|g

SpunoI z ‘(spuej

-IUISN) A1IUNOD 3UO WOy SHRAX2 9| 24eDY1|eaYy Ul PUSI} 24NINJ SB Y[eaHd [59] 6107 “|e 12 usbiagsuaney

24edU3(eaY Ul suon

SPUNOI € 'S9LIUNOD 6 WOl sLadXa 07 -edjjdde |y Jo uonen|ead pue ubisag [49] 6107 “|e 12 abeueAl]
SpunoI 7

'(e1asNY) A13UNOD SUO WO SLAX3 £/

mw_OO_OCLUGH uopesiunuwuod pue

UOIIRWIOJUI YL 1BDU3{EY JO 2ININ4 [€9] 6107 "ezn|eH 3 yumbuns

SNOILLVLIWIT

SLHOISNI AN

3d0DS Jldo1 AdNLS HVIAR HOHLNY

IV PUB 4231 UO BUISND0) 2J8D43[e3Y U SAIPNIS 1d[2( 1UBAS|I JO MIIAIAQ L djqeL



Jovy-Klein et al. BMC Health Services Research (2024) 24:1421

Page 6 of 21

Study Phase One: Di

Desk Research
Conceptual Background Research

Workshops
Four Rounds, Spring 2022
Health and Tech Experts (n=6)

]

Study Phase Two: Projections Development

Formulation Workshop
Summer 2022, Health and Tech Experts (n=19)

Statement Finalization &

STEPE Analysis & Impact
Factor Eval

‘ Framing | ‘ | De

Statement

Three Rounds (m=3.4,3)

| Pre-Test

P

Real-time Delphi
Study Conduct

Expert Selection
Winter 2022

Winter 2022

Analysis
Winter 2022-February 2023

Fig. 1 Smart hospital Delphi study design (adapted from [80-82])

Results of Study Phase One: Dimensions Development:
Confirmed smart hospital conceptual framework in four dimensions

SMART HOSPITAL
DIMENSION 1

Artificial
Intelligence

1010
1010

Smart hospitals will
be driven by artificial
intelligence.

Fig. 2 Results of study phase 1: dimensions development

the four smart hospital dimensions: artificial intelligence
and human-centeredness.

In the third step, we presented a futures cone model
to the workshop participants. In the futures cone model
[86, 87] potential futures are extrapolated in ranges of
certainty from plausible to possible to wildcard ranges,
including the important aspect of desirability [88]. We
used the futures cone as a tool to guide the experts and
their thinking in five-year steps from today to 2042.

The workshop participants then split into four groups
of approximately the same size based on the participants’
expertise in the four main smart hospital dimensions (AL
human-centered; ecosystems and sustainability). Given
background information, the four groups developed
statements about how they envision the future of smart
hospitals from 2027 to 2042 related to each dimension.
Researchers and participants then discussed these state-
ments and further refined them in a moderated group
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Results of Study Phase Two: Projections Development:
The STEPE analysis and the impact factor evaluation underlined the importance of the smart hospital
dimensions artificial intelligence and human-centeredness

. 3
Green supply chains

Carbon neutrality
4

Resource scarcity

Climate change
5

E-1D identity card
N

European data security &
safety reforms
6

Govermental spending
willingness

4

Health care reforms (incl.
KRITIS)
6

Policy for cHealth & Tele-
Health

Changing to data
driven business models

corporates; big tech)
5

Work culture changes

6 New market entrants (tech-

Patient empowerment and
gender specific medicine
17 Chronic staff shortage

20

Demographic changes
16

Point of
treatment/predictive
treatment
9
Digital Transformation
(incl. IOT, Big Data,
5G/6G)

12

Artificial Intelligence (incl.
Robotics)
10
Other Future Technologies -
Nano-Tech.; Bio-Printing;

Brain-Computer-Interface
6

TeleMedicine, mHealth,

Decision support systems

(DSSs), home treatment
16

Standards &
interoperability

5
Insufficient funding
deficient governance

Reduction in the Hospital privatization .
fundings

number of clinics 4
6 1

Fig. 3 Results of study phase 2: STEPE analysis and impact factor evaluation

session. After the conclusion of the workshops, we pro-
cessed the results and discussed them with an extended
group of different experts in three rounds (n=3;4;3). In
the final development of the statement projections, we
defined a total of 23 projection statements distributed
across the four dimensions presented in Table 2.

Notably, some statements were associated with mul-
tiple dimensions. We opted to assign such statements
to their dominant theme and the corresponding pri-
mary dimension of the smart hospital. We intentionally
excluded other topics and dimensions, including non-Al-
related technology areas. Among the final 23 projection
statements, we formulated 15 as floating-time-horizon
statements and eight as fixed-time-horizon statements
[80]. To choose either a fixed or floating horizon, we con-
ducted discussions during the finalization and pre-test
workshop and considered expert estimations regard-
ing the uncertainty of the occurrence of each projec-
tion statement. If a consensus regarding the anticipated
occurrence in one of the years 2027, 2032, 2037, or 2042

emerged during initial workshop discussions, we adopted
a fixed-time horizon approach with the corresponding
estimated year.

Phase three: preparation, launch, and evaluation

of the real-time Delphi study

In the third phase, we prepared and launched the real-
time Delphi study based on the 23 projection statements.
Healthcare Delphi studies typically include two to three
rounds of statement discussions and consensus-seeking
[89]. However, it is not unusual for Delphi studies to
work with a real-time approach and a mixture of state-
ment types regarding their time-horizon [80]. We chose
the real-time approach because we assumed that partici-
pants would have limited time to complete the study and
revise changes. With a round-based approach, we saw the
potential issue that participants would drop out of the
study if consensus had not been reached after one or two
rounds. With the real-time approach, participants were
able to access the study at any time, see new progress
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#  PROJECTION STATEMENTS - FLOATING- AND

PROJECTION DOMAIN

FIXED-TIME HORIZON
Dimension 1: 1 Artificial Intelligence (Al) use in relevant processes Use of Al for treatment
Artificial Intelligence of administration, diagnosis, and treatment contrib-

utes to more efficient, quality-improved, patient-ori-
ented and better planned activities in the hospital

2 In-hospital (Al-assisted) prediction, diagnosis,
and treatment of disease is performed with multi-
modal input data

3 Al-supported sensors record important parameters
of inpatients and provide early warnings

4 Al-based solutions that serve direct patient interac-
tion (e.g., voice assistants in the patient’s room) are
primarily established as individual health services/
add-ons in hospitals

5 Alenables the application of systems medicine
as part of personalized medicine. Hospitals use
individualized medicine in standardized, scalable
procedures to provide patients with precisely
tailored and targeted treatments

Dimension 2: Sustainability 6  The use of Al enables an energetically self-sufficient
and efficient use of energy in the hospital

7 Treatment and administrative processes (especially
Al-based processes) are designed to conserve
resources and are climate-neutral in terms of energy

8  Hospitals are energy resilient and (Al-based) systems
are secure against crises and attacks

9 ?In 2027, energy price fluctuations and resource
scarcity lead to a significant increase in (treatment)
case costs and insurance premiums for patients

Dimension 3: Ecosystems 10 Market participants are changing the market posi-
tion and service structure of hospitals with new,
including Al-based offerings and services

11 Hospitals are intersectorally connected via uniform
standards; they collect, exchange and process data,
also for the use of Al solutions

12 Maximum care hospitals develop digital and Al-
supported solutions in sustainable business models
with partners of their own ecosystem

13 Maximum care hospitals in Germany have an elabo-
rated, written, communicated, lived and agile future
strategy

14 °In 2032, treatments will increasingly take place
in several treatment centers at different locations (in
the hospital, with specialists and in medical centers)

15 ?In 2042, the number of hospitals has steadily
decreased, so that predominantly only maximum
care hospitals and specialist or private hospitals
remain

16 Home treatment is an established part
of the patient journey and hospital services

Use of Al with multimodal data

Sensory monitoring

Al in patient interaction as paid services

Use of Al for systems medicine

Energy efficiency through Al

Energy efficient process design

Crisis resilience

Impact of climate change on patients

Changes in the structure of hospital services

Intersectoral connection via standards

Collaborative business model development

with partners

Strategy & ecosystem

Decentralized medicine in 2032

Near extinction of small hospitals in 2042

Home treatment is an established part of hospital
services
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PROJECTION STATEMENTS - FLOATING- AND
FIXED-TIME HORIZON

PROJECTION DOMAIN

Dimension 4: Human-Centeredness 17

20

22

23

Gender-specific medicine is well established

in German hospitals. There is active work to resolve
data bias and accumulate needed data to improve
diagnoses and treatments

Patients act as facilitators of their own care
and treatment process through existing data &
health literacy

4ln 2032, direct doctor-patient communication will
no longer be necessary for preliminary discussions
and standard diagnoses; any clarification will be
provided by trained specialist staff

4ln 2037, new and changed roles and professions
have entered hospitals: Due to new technolo-

gies (especially Al) and the increasing complexity

of treatments and diseases, the task and activity
profiles have become increasingly granular and spe-
cialized

“In 2032, the number of general practitioners
in private practice has decreased significantly, which
leads to a deterioration in rural care

1n 2027, growing staff shortages and rising
case numbers will lead to even longer waiting
times and inadequate care in hospitals

?ln 2032, treatment cases are predominantly geri-
atric, chronic and multimorbid in nature, and at the
same time the burden on hospital staff and pro-

Gender specific medicine

Data & health literacy of patients

Change in activity profiles through the upgrading
of tasks in 2032

Development of new job professions and roles
in 2037

General practice shortage in 2032

Growing staff shortage and workload increase
in 2027

Capacity overload due to aging & multimorbidity
in 2032

cesses reaches a peak

Statements that are marked with (*) have been measured in fixed-time horizon

and adjust their own answers based on new comments.
We sent multiple reminders with different focus areas
of the study to address under-reported parts. We chose
Calibrums Delphi-software Survelet, which has been the
object of analysis in the field, and has proven useful for
our purposes [78, 80, 90].

Expert selection for the real-time Delphi study

For this study, the expert selection process involved
identifying, selecting, and contacting relevant experts
in the healthcare sector. We used the criteria of being
interested in forecasting future developments in hospi-
tal transformation and having knowledge in the fields of
healthcare and Al, innovation, or technology manage-
ment. We contacted experts directly as well as indirectly
through healthcare clusters and networks in the Ger-
man-speaking region. While striving to maintain high
expertise among participants [91], we anticipated a low
response rate for experts working in the clinical field due
to the high workload. For this reason we used the snow-
ball sampling method [92]. A total of three subclusters
emerged as heterogeneous expert groups [90] with a min-
imum target size of n=10. The three groups included 1)

hospital employees in decision-making positions for new
technologies and transformation processes, 2) employ-
ees in science and science-related fields with expertise in
Al and health, as well as founders and general managers
in the health tech sector. We sent a total of 300 personal
invitations with a total response of 56 (18.67%). Of those
who responded, 42 experts (14%) started the study and a
total of #=39 completed the study with a distribution of
30.8% female, 64.1% male and additional 5.1% non-binary
experts (see Table 3).

These 39, all German-speaking experts, have an aver-
age of 16.6 years of professional experience. At the time
of the study, 35.9% are working as CEOs, general or
technical managers, or chief physicians; 23.1% as scien-
tists, 10.3% as professors and 30.7% in project teams in
private or semi-private companies. 23% of experts are
working in hospitals or care facilities, 28.2% in technol-
ogy- and health organizations and startups, and 48.8%
in research (near) institutions. As their highest educa-
tional level, 53.8% of all experts have a doctoral degree,
43.6% a master’s degree and one expert (2.6%) has a
high school degree. 46.2% of experts declared basic up
to expert knowledge in the field of medicine and 28.2%
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Table 3 Demographics of Delphi study participants
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DEMOGRAPHICS OF DELPHI STUDY PARTICIPANTS (n=39)

Panel

+ 300 Invitations sent

« 56 Initial invitation replies

« 42 Experts started the study

+ 39 Experts completed the study

Highest education

- 53.8% PhD /MD

+ 43.6% Master's degree or higher diploma
+ 2.6% High school graduate

Gender

- 64.1% Male
+30.8% Female
+5.1% Non binary

Current job position

+ 35.9% Executives, head physicians

+30.7% Employees in private companies (health or tech related)
+ 23.1% Scientists / Researchers

+ 10.3% Professors

Size of work organization
+35.9%> 10,000 employees
+12.8% 5,001 — 10,000 employees
+12.8% 1001 - 5,000 employees
+15.8% 201 - 1,000 employees

+ 17.9% < 200 employees

Field of work

- 48.8% Science or research related

+ 28.2% Health & technology provider /start-ups
+ 23% Hospitals / directly in health care

Professional experience
+ 16.6 years on average

Reported knowledge areas of the experts (mul-
tiple entries possible)

- 53.9% in artificial intelligence

+51.3% in digitalization

+46.2% in medicine; 28.2% in biomedicine
+43.6% in sustainability

- 41% management of organizations

+30.7% in social science

in biomedicine, 51.3% in the field of digitalization and
53.9% in the field of artificial intelligence. This was fol-
lowed by 41% of experts indicating confidence and high
knowledge in management, 43.6% in sustainability and
30.7% in social science. Therefore, the expert pool rep-
resents a variety of knowledge fields relevant to forecast-
ing the future of smart hospitals. 48.7% of all experts are
working in organizations with more than 5000 employ-
ees, followed by 33.4% in organizations with between 200
to 5000 employees, and 17.9% in organizations with <200
employees.

Measurement of statements and evaluation of the Delphi
study

We used two distinct approaches to measure and evalu-
ate the Delphi study projections. For the first group of
fixed-time horizon statements (see Table 2—#9; #14; #15;
#19; #20; #21; #22; #23) the time period was set in the
projection statement. Thus, we measured the probability
of occurrence with a 5-point Likert scale (1—very low to
5—very high) along with the expected impact on hospital
management and strategy and desirability of occurrence.
For fixed-time horizon statements, we define a consen-
sus as reached if the estimated occurrence mean is at
least 80% with an interquartile range (IQR) of<1.25. We
used the same approach to define a consensus for impact
and desirability (mean>80%; IQR<1.25). Statements
that reached consensus with mode >50% and IQR < 1.25
for occurrence, impact or desirability have the strongest
consensus indication. For each statement, experts were

excluded if they did not report each occurrence, impact,
and desirability. For the floating-time horizon state-
ments (see Table 2—#1-8; #10-13; #16-18), it was nec-
essary to measure them according to the expected year
of occurrence, as the time period was not pre-defined in
the projection statement. Therefore, measurement was
performed according to the expected year of occurrence
on a 5-point-likert scale (1- in 5 years /2027 to 5 — in
25 years/after 2042) and expected impact and desirabil-
ity of occurrence equally using 5-point-likert scales. Our
measurement of occurrence, impact, and desirability of
occurrence was guided by relevant literature and exist-
ing Delphi studies [8, 93, 94]. We defined a consensus for
floating-time horizon statements for estimated occur-
rence with a mode of at least 50% of answers. Appendix 1
includes the methodology of the bias analysis and the
analyses of dissent and qualitative comments.

Cluster analysis

As a last step, we analyzed the Delphi results to identify
potential clusters [94]. These clusters show consistent
answers throughout the expert judgments, thereby indi-
cating potential consistent scenarios. Appendix 1 gives
further technical information about the cluster analysis.

Results for Delphi projections

All 39 experts discussed the 23 projections and reached
a consensus for a total of 11 projections across all four
dimensions. Figure 4 shows an overview of the final 11
projections, positioned as a function of their dimension
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RESULTS OF STUDY PHASE THREE:

DELPHI PROJECTION RESULTS THAT REACHED CONSENSUS

in 2027 in 2032 in 2037
SMART HOSPITAL "o R N
#1 USE OF Al FOR
DIMENSION 1 TREATMENT
Artificial #5 USE OF AI FOR
#2 USE OF AI WITH SYSTEMS MEDICINE
Intelligence MULTIMODAL DATA

#10 CHANGES IN THE
STRUCTURE OF
HOSPITAL SERVICES

#22 GROWING
STAFF SHORTAGE
AND WORKLOAD

#16 HOME
TREATMENT IS AN
ESTABLISHED PART
OF HOSPITAL
SERVICES

#21 GENERAL
PRACTICE
SHORTAGE

#6 ENERGY
EFFICIENCY
THROUGH Al

#11 INTERSECTORAL
CONNECTION VIA
STANDARDS

#20 DEVELOPMENT
OF NEW JOB
PROFESSIONS AND

#15 NEAR
EXTINCTION OF
SMALL HOSPITALS

INCREASE

ROLES

in 2037

Fig. 4 Visualization of Delphi projection results that reached consensus

and time horizon, and providing a multi-dimensional and
future-oriented view of the projected evolutionary path
of smart hospitals.

We identified a consensus for seven floating-time hori-
zon statements (#1; #2; #5; #6; #10; #11; #16), where the
mode frequency is at least 50% of all responses in that
projection. For statements with a fixed time horizon (#15;
#20; #21; #22), more than 80% of respondents agreed that
they were likely to occur within the given time frame.
Table 4 gives an overview of the results.

The artificial intelligence dimension of smart hospitals

Our Delphi results suggest that hospitals are likely to
make notable progress with regards to the Al dimen-
sion of smart hospitals by 2032. More specifically, there
is a consensus that smart hospitals will leverage Al to
augment key administrative, diagnostic, and treatment
processes in a way that improves efficiency, quality
and patient-centricity (#1) by 2032. Experts also con-
cur that, by 2032, smart hospitals will utilize multi-
modal input data for Al-assisted prediction, diagnosis,

and treatment of diseases (#2). Such advances will go
beyond today’s limited Al applications and unlock sub-
stantial clinical value. Given the speed of progress in
Al experts also anticipate smart hospitals to use Al for
delivering personalized precision medicine and treat-
ment tailored to the characteristics of each patient, by
2037 (#5).

The sustainability dimension of smart hospitals

Expert assessments are more heterogeneous regarding
smart hospitals’ future sustainability. Indeed, only one
of the four projection statements achieved consensus
among the experts. Notably, by 2037, smart hospitals
are expected to use Al to enable more efficient energy
use in hospitals (#6). Eventually, Al use in smart hos-
pitals might change from a substantial net consumer
of energy to a meaningful enabler of energy efficiency,
highlighting that the visions of smart and green hospi-
tals might eventually converge.
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Table 4 Statistical results overview

# PROJECTION DOMAIN n EP(MODE) MODEFREQ EPT(MEAN) IQR (I) IQR (D) IQR

Dimension 1: Artificial Intelligence

1 Use of Al for treatment 35 2032 61.1% 3.77 1° 423 71°

2 Use of Al with multimodal data 35 2032 66.7% 3.89 0° 451 1°

3 Sensory monitoring 35 2027 40% 340 1 423 1

4 Use of Al'in patient interaction as paid services 29 2032 32.3% 252 17 303 2

5 Use of Al for systems medicine 28 2037 56.7% 3.75 2 414 1

Dimension 2: Sustainability

6 Energy efficiency through Al 26 2037 53.3% 292 1 4.08 2

7 Energy efficient process design 26 2037 37.9% 323 1 45 1

8  (Crisis resilience and robustness 26 n/a 30.8% 342 1 454 1°

9 Impact of climate change on patients in 2027° 33 71% 3.55 1 388 2 142 0°

Dimension 3: Ecosystems

10 Changes in the structure of hospital services 29 2027 53.3% 3,55 1 372 1

11 Intersectoral connection via standards 30 2037 50% 4.28 1 462 1°

12 Collaborative business model development with partners 29 2032 32.3% 324 1 386 1

-2037

13 Strategy & ecosystem 29 2037 33.3% 362 1 421 1

14 Decentralized medicine in 2032° 31 67% 1 358 1 358 1
335

15 Near extinction of small hospitals in 2042° 32 81% 1 4.19 1 278 3
4.06

16 Home treatment as is an established part of hospital services 29 2032 66.7% 3.72 1° 428 1°

Dimension 4: Human-Centeredness

17 Gender specific medicine 29 2032 34.5% 286 1 431 1

-2037

18 Data & health literacy of patients 29 2032 26.7% 331 1 417 2

19 Change in activity profiles through the upgrading of tasks in 2032° 33 64.2% 1 333 1 339 1
3.21

20 Development of new job professions and roles in 2037° 33 82.4% 1 3.97 2 3.67 1
4.12

21 General practice shortage in 2032° 33 80% 2 391 1° 158 2
4.0

22 Growing staff shortage and workload increase in 2027° 33 86.6% 1 442 1° 133 0°
433

23 Capacity overload due to aging & multimorbidity in 2032° 33 72.2% 1 40 2 191 2
3.61

Delphi projection results marked in bold reached consensus

nnumber of participants, EPestimated probability of occurrence, EPT estimated probability time of occurrence

n for all (Y;I;D); Mode > 50% = consensus; Mean > 80% = consensus for expected probability in 1-5 (nr) and showed as % for mean as occurrence probability derived
from 5-point-likert scale; (%) if IQR < 1.25 and if Mode > 50%. () = expected impact. (D) =desirability. Statements that are marked with (®) have been measured in fixed-
time horizon

The ecosystem dimension of smart hospitals

Most experts agree that smart hospitals will play a cen-
tral role within their broader healthcare ecosystems. As
smaller hospitals continue to face near extinction by
2042, the smart hospitals of the future will tend to be
maximum care facilities or specialty clinics with con-
siderable influence in their ecosystem (#15). By 2032,
smart hospitals will have integrated home treatment
as part of their standard services. This illustrates that
smart hospitals will extend beyond their boundaries

into local communities (#16), a projection seen as both
impactful and desirable. Likewise, new players such as
start-ups will enter these ecosystems and infuse them
with new digital solutions that enable smart hospitals
to operate more effectively and/or efficiently (#10).
However, common standards, intersectoral connectiv-
ity, and interoperability as prerequisites for processing
and sharing data are not expected to be realized before
2037. This illustrates the scope of the challenge (#11).
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Results of Study Phase Three:
Cluster analysis and scenario development

SMART HOSPITAL
DIMENSION 1

Artificial
Intelligence

Cluster 1 (n=29) Cluster 3 (n=22):
Al Sustainable

optimists

enthusiasts

Cluster 2 (n=7) Cluster 4 (n=9):
Al Certainty
critics rejectors

Cluster 5 (n=24)
Ecosystem
advocates

Cluster 7 (n=14)

Change greeters

Cluster 6 (n=6)
Ecosystem
skeptics

Cluster 8 (n=13)
Healthcare
traditionalists

Fig.5 Cluster analysis results overview

The human-centered dimension of smart hospitals

Smart hospitals of the future will leverage digital tech-
nologies to redefine structures, processes, and roles to
put employees and patients center stage. In doing so,
smart hospitals will have defined new professions and
roles by 2037 that enable high-quality, patient-centered
care at scale (#20). Staff shortages will increase and hos-
pital workloads will continue to grow until 2027 (#22), as
along with a general practice shortage until 2032 (#21).
However, other projections associated with the human-
centered dimension of smart hospitals did not show a
consensus among experts. These are, for instance, related
to doctor-patient communication, gender-specific medi-
cine, or patients as facilitators of their own care.

Results from cluster analyses and scenario development
Our cluster analyses identified two clusters for each of
the four dimensions of the smart hospital summarized in
Fig. 5 and further explicated below. Table 5 in the Appen-
dix shows additional details regarding the statistical esti-
mates of the cluster analysis.

Artificial intelligence dimension: Al enthusiasts versus Al
critics

As for the Al dimension of smart hospitals, experts in
cluster 1 (Al enthusiasts, n=29) expect smart hospitals
to adopt Al earlier and with more impactthan experts in
cluster 2 (Al critics, n=7). Among Al enthusiasts, some
experts suggested that Al-based patient interaction could
be funded through reimbursement instead of paid for as
a service (projection #4). Al enthusiasts anticipate the

widespread adoption of Al-enabled systems medicine by
2037. No shared prediction emerged among Al critics.

Sustainability dimension: sustainability optimists

versus certainty rejectors

Sustainability optimists (cluster 3, n=22) see Al as key to
improving energy efficiency (#6) and optimizing hospi-
tal processes. They predict full implementation by 2037.
Sustainability optimists acknowledge high investment
requirements but consider Al-driven energy improve-
ments crucial for reducing consumption. Some, however,
doubt that full energy self-sufficiency will be achieved.
Despite these challenges, they view these advancements
as highly desirable for the future of smart hospitals. In
contrast, certainty rejectors (cluster 4, n=9) express
skepticism about Al’s role in energy efficiency (#6) and
accordingly avoid firm predictions. Both groups express
concerns about the cyber security of smart hospitals
(#8). They wonder if ongoing vulnerabilities could pre-
vent fully secure systems from being achievable. One
expert referred to a “contest between system backups and
attacks” (comment by expert #13) that may persist for the
foreseeable future.

Ecosystem dimension: ecosystem advocates versus ecosystem
sceptics

Ecosystem advocates (cluster 5, n=24) anticipate smart
hospitals to become key actors within their healthcare
ecosystems by 2037. This will fuel new service develop-
ment by 2027 (#10), joint business model development
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with ecosystem partners by 2032 (#12), and the setting
of uniform standards for collecting, processing, and
exchanging data within the broader ecosystem by 2037
(#13). In contrast, ecosystem skeptics (cluster 6, n=6)
are more doubtful about the necessity of ecosystems
and whether the required development of common
standards and strategies will occur by 2042. Regarding
market shifts and new entries (#10), ecosystem advo-
cates note these changes are visible today. Skeptics,
however, expect them closer to 2032. Both groups agree
on the high impact and desirability of intersectoral
connectivity standards among hospitals (#11). Ecosys-
tem advocates believe this process has already begun,
citing slow progress due to past failures and lacking
agility. In contrast, skeptics offer a bimodal view, with
some expecting adoption by 2037 and others predicting
delays until 2042.

Human-centered dimension: change greeters

versus healthcare traditionalists

Change greeters (cluster 7, n=14) view future develop-
ments in smart hospitals that could result in fewer doc-
tor-patient interactions (#19) positively. Examples of
such developments include increasing data and health
literacy of patients (#18) and changes to healthcare work-
ers’ activity profiles resulting from the upgrading of tasks.
In contrast, healthcare traditionalists (cluster 8, n=13)
see these changes as less desirable. Change greeters pre-
dict gender-specific medicine (#17) to emerge around
2037, while traditionalists predict it by 2032, though both
clusters exhibit uncertainty on the topic. Patient data
and health literacy (#18) also reveal contrasting views.
Change greeters expect this issue to arise earlier, noting
ongoing efforts while acknowledging significant obsta-
cles. Traditionalists predict a later development, around
2042, expressing skepticism about patients’ interest in
data literacy.

Discussion

This study illuminates a multidimensional concept
of smart hospitals, with new insights into AIs role
and impact on future healthcare developments. Over
18 months, 39 experts from various disciplines deliv-
ered valuable insights for both research and practice.
We began our analysis by identifying four relevant areas
within the smart hospital literature to serve as a cogni-
tive framework for our workshops. We used an iterative
approach and concluded that all four dimensions—arti-
ficial intelligence (AI), sustainability, ecosystems, and
human-centeredness—are essential to understanding
a technology-driven smart hospital. With our second
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research question, we identified key challenges facing
the German healthcare sector in the coming decades,
exploring how AI can be further integrated into smart
hospitals. Al is expected to play an increasingly critical
role across various functions, including administration,
diagnosis, treatment, and systems medicine. In these
ways, Al will enable more personalized healthcare.
Experts anticipate that AI's capacity to process exten-
sive multimodal data will transform hospital operations
and facilitate personalized treatments by 2037. In terms
of sustainability, experts see Al as pivotal for improv-
ing energy efficiency and optimizing hospital processes.
However, concerns about whether full energy self-
sufficiency can be achieved indicate a need for more
research on Als role in the transition to sustainable
practices in smart hospitals.

In terms of the ecosystems dimension, advocates fore-
see smart hospitals becoming integral to their healthcare
ecosystems by 2037. They predict that new service devel-
opments will emerge by 2027 and business models will
be developed jointly with ecosystem partners by 2032. In
contrast, skeptics express doubt about whether ecosys-
tems are necessary and whether common standards will
arise by 2042.

In regard to the human-centered dimension, “change
greeters” view developments such as decentralized medi-
cine positively. However, “traditionalists” express con-
cern about reduced doctor-patient interactions. This
dichotomy highlights the need for consideration of how
digital technologies may affect these relationships.

Our findings also indicate an increased workload
alongside a decreased availability of staff by 2027. By
2032, hospitals may face capacity overload due to rising
numbers of patients and ongoing shortages of physicians,
a challenge evident today. Home care is expected to
become integral to patient journeys by this time. Despite
these advancements, our participants lacked consensus
on issues such as gender data bias and how to empower
patients through enhanced health literacy—areas identi-
fied as under-researched.

Theoretical contributions

This study builds on a substantial body of literature
on the potential of Al to shape future smart hospitals
[28-30]. By identifying and analyzing four key dimen-
sions—artificial intelligence, sustainability, ecosystems,
and human-centeredness—we contribute a multidi-
mensional framework that enhances our understand-
ing of how these elements interact in the context
of smart hospitals. This approach aligns with prior
research emphasizing a holistic view of smart hospital
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development [24]. Previous Delphi studies have focused
on specific Al applications or short-term outcomes
[41] We address these limitations by researching chal-
lenges with AI integration across multiple dimensions
relevant to smart hospitals. For instance, we show the
contrasting perspectives between Al enthusiasts and
critics regarding the adoption and impact of Al tech-
nologies. We also explain differing expectations of
sustainability initiatives between optimists and rejec-
tors. Our findings emphasize AI’s roles as a treatment
technology and an integral component in most areas
related to smart hospitals. This perspective resonates
with discussions in the literature about technological
advancements enhancing operational efficiency while
maintaining patient-centric approaches in smart hos-
pital frameworks [72]. Additionally, we identify under-
researched areas critical for ensuring equitable access
to services provided by smart hospitals. Gender data
bias and health literacy are examples of such. We must
address these gaps to foster an inclusive environment
that empowers patients to engage in care processes.
Our comprehensive analysis contributes to future-ori-
ented research on smart hospitals by providing a con-
ceptual framework to enrich previous findings on their
transformation [69-72]. With this study, we have built
a foundation for further research on integrating emerg-
ing technologies into smart hospital systems, while
addressing ethical considerations and implementation
challenges.

Practical implications

Our findings anticipate increased specialization for smart
hospital staff, driven by technological advancements
and the integration of systems medicine by 2032. Early
intervention to mitigate staff shortages or care imbal-
ances due to emerging technologies will be crucial. Hos-
pitals must adapt to changes in their service structures
resulting from new market entrants. Understanding the
implications of AI adoption in hospital settings is vital.
This is especially true for the many institutions currently
facing low maturity levels regarding technology inte-
gration [32]. Our Delphi study expert panel envisions a
future for hospitals supported by Al and enriched with
multimodal data. In particular, they expect home-based
and individualized care to evolve alongside the rise of
systems medicine. However, it remains unclear whether
these opposing effects will counterbalance each other or
which trajectory—positive or negative—will prevail. We
encourage hospital managers and decision-makers to
evaluate the advantages and disadvantages of these devel-
opments, taking into account when widespread adoption
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of systems medicine and home treatment can be antici-
pated and what resources will be required. Our findings
highlight a need to examine patients’ roles in shaping
their treatment pathways, contrasting with research that
emphasizes staff perspectives. Future studies should
focus on enhancing patient engagement while directly
incorporating patient viewpoints into AI development
within hospitals.

Limitations and further research

With our Delphi study, we aimed to cover a broad range
of dimensions related to smart hospitals. However,
some projection statements proved ambiguous due
to this thematic scope. Although we included all four
dimensions—artificial intelligence, sustainability, eco-
systems, and human-centeredness—this breadth led to
projections applicable to multiple areas. Future studies
could benefit from a more focused approach. Research-
ers could explore specific aspects such as nano-
technology or Al-enabled robotics in greater detail.
Additionally, ethical considerations surrounding Al
deployment in smart hospitals require further explo-
ration [39]. Effective implementation would depend
on issues such as data privacy and bias prevention.
Researchers should assess how regulatory frameworks
can be integrated into smart hospital operations while
ensuring compliance with ethical standards. Our focus
on the German context also limits the generalizability
of findings. Each country may face unique challenges
in transforming its healthcare system [69]. Therefore,
more in-depth studies of the proposed dimensions of
smart hospitals would help identify context-specific
barriers. Comparative analyses with countries like the
United States [17] and Israel [18], which have made
significant advancements in healthcare technology,
could yield useful insights for Germany. Investigating
how diverse facilities evolve into smart hospitals with
varying degrees of sophistication would also be ben-
eficial. Ultimately, these inquiries could address key
questions: Are maximum care providers the only insti-
tutions capable of becoming smart hospitals? How will
Al reshape operational models? Such comparative case
studies would enhance understanding of global trends
in smart hospital development while developing best
practices tailored to local needs.

Conclusion

This study offers fresh perspectives on integrating Al,
sustainability, ecosystems, and human-centeredness into
the concept of smart hospitals in Germany. While we
cannot definitively predict what these facilities will look
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like in 2042, our findings provide a framework for under-
standing AI’s potential for the coming decades. We high-
light the challenges and opportunities that come with
integrating new technologies while undergoing staffing
shortages along the smart hospital transformation pro-
cess. Finally, we urge stakeholders to critically assess the
multifaceted implications of utilizing Al in the develop-
ment of smart hospitals.

Appendix 1

Methodological Appendix

Bias analysis

One potential bias within Delphi studies can result if
experts tend to estimate desirable futures as more likely
or sooner to occur, whereas undesirable futures are esti-
mated as more unrealistic or as likely to occur farther
in the future [88]. To check for this potential bias, we
performed a correlation analysis (bivariate — Pearson
correlation coefficient, one sided) between estimated
occurrence and desirability (occurrence here 1 — 5; years
2027-2042; and desirability 1 low — 5 very high). A high
correlation indicates that an estimated early occurrence
is more likely to be subjectively desirable. We only report
correlations that are significant (sig <0.5 = *; sig <0.05 =
**) and have a Pearson correlation> 0.49.

Appendix 2
Results Appendix

Results of the STEPE analysis in phase two

Page 16 of 21

Dissent and qualitative comment analysis

Although Delphi studies aim to reach consensus, areas
of dissent often emerge. It has been shown to be val-
uable to focus on dissent to look at conflicting out-
comes and visions for the future [80, 94]. Therefore, we
conducted an examination of dissent and qualitative
comments.

Cluster analysis

We tested the data for the possibility of primary clus-
ters over all 23 projections. We could not identify overall
clusters that share an umbrella over all dimensions. We
then checked for clusters in each of the four Delphi study
dimensions separately. For this, we performed a two-step
clustering approach using the software SPSS to identify
the number of sub-clusters first, then applied k-means
clustering analysis. We retested the identified cluster data
groups in terms of standard deviation. Some experts were
excluded from the cluster analysis due to too many miss-
ing values. For the sustainability, ecosystems and human-
centered clusters, n=>5,6,9 experts were excluded from the
analysis pool, mainly due to lack of answers or discrepan-
cies in the conduction of the cluster analysis. Overall, the
cluster analysis identified two cluster groups for each of
the four dimensions, revealing a total of eight clusters.
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Fig. 6 STEPE analysis forimpact factors onto hospitals of the future
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Results of the bias analysis

Within the bias analysis, we found significant correla-
tion between occurrence and desirability for five state-
ments (#5 (.551**); #7 (.502**); #11 (.616**); #17 (.566**);
#18 (.502**)). However, of these five statements only #5,
which focuses on systems medicine as a future field of
smart hospitals, reached a clear consensus in the analysis.
For this statement, it might be possible that experts tend
to estimate the expected probability of occurrence higher
because of high subjective desirability. With a mode fre-
quency of 56.7%, we decided to keep statement #5 in the
further analysis, but indicate that there might be a bias
that reached consensus.

Dissent and qualitative comment analysis
We considered a total of 13 projection statements for the
dissent analysis (#3; #4; #7; #8; #9; #12; #13; #14; #15#17;
#18; #19; #23), where predominantly no consensus was
reached. Looking at the standard normal distributions of
the frequencies of the experts’ statements, we observed
dichotomous or trimodal distributions. We examined these
distributions more closely in the next step by comparing the
different group statements and analyzing the comments.
For projection #8 (crisis resilience and robustness),
18 experts did not provide an answer or excluded the
answering, which leaves only 18 expert opinions for this
statement (n=36 experts in total). Due to this, a dichoto-
mous distribution (18 non-answers versus 18 answers)

Cluster analysis statistical results
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can be observed. As seven experts stated in their com-
ments, possible misunderstandings or ambiguities in the
statement resulted in a blank response.

Projection #13 (strategy and ecosystem) shows an
ambiguity in form of a bimodal distribution in terms
of the predicted occurrence time. Within #13, three
experts expect legislative and political action or change
in management to be a primary external driving force.
One suggested that hospitals do not need individual
strategies, but should focus on cross-clinic strategies
to create “super-hospitals” (expert 37). Projection #15
(extinction of small hospitals in 2042) showed a clear
bimodal distribution regarding the occurrence and
desirability of the future extinction of small hospi-
tals with regard to when the extinction will take place
(47% 2042 and 32.4% later than 2042). 30.3% of experts
perceive the projection as very undesirable and 27.3%
as desirable. This leaves 42.4% as unsure. Statement
#17 regarding gender-specific medicine with a dou-
bling mode towards 2032 or 2037 (35.5% each) was
also intensively discussed. Three experts addressed the
availability and use of relevant data, and three experts
lacked knowledge of gender-specific medicine, with an
overall high desirability (mean=4.33).

In projection #18, which addresses data and health lit-
eracy of patients, experts showed disagreement regarding
the predicted year of occurrence.

Table 5 Statistical overview of cluster comparison in four dimensions

Probability Probability Impact Impact Desirability ~ Desirability
Cluster 1 Cluster 2 Mean (C1) Mean (C2) Mean Mean
(c1) (C2)
# - Projection Domain N IOR EP () IQR EP (D)
C1/C2
Artificial Intelligence 29/7
1 Use of Al for treatment 62.2% 57.1% 379 3.14 448 3
2/2032 2/2032
2 Use of Al with multimodal 65.2% 71.4% 4.03 2.71 4.66 4.0
data 2/2032 1/2027
3 Sensory monitoring 41.4% 28% 1 3.52 243 4.34 3.14
1/2027 28.6% 3
4 Use of Alin patient interac- 31% 2 42.9% n.a 245 143 3.03 1.29
tion as paid services 31%n.a
5 Use of Al for systems medi- 55.2% 57.1%n.a 3.66 143 407 na
cine 3/2037
Sustainability C3/C4 Probability Probability
22/9 Cluster 3 Cluster 4
6 Energy efficiency through Al 65.2% 50% n.a/0 323 1.89 4.27 1.78

3/2037
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Probability Probability Impact Impact Desirability ~ Desirability
Cluster 1 Cluster 2 Mean (C1) Mean (C2) Mean Mean
(C1) (C2)
7 Energy efficient process 43.5% 30% 332 211 4.59 3.56
design 3/2037 2/2032
8 Crisis resilience and robust- 30.4% n.a/0 60% n.a 345 2.78 4.64 433
ness
9 Impact of climate change 3,59 322 391 367 1.36 1.56
on patients in 2027°
Ecosystem C5/Co Probability Probability
Cluster 5 Cluster 6
10 Changes in the structure 24/6 58.3% 50% 3.58 3.50 3.75 2.83
of hospital services 1/2027 2/2032
M Intersectoral connection 54.2% 333%3 4.00 450 442 4.67
via standards 3/2037 333%5
12 Collaborative business model 41.7% 50% n.a 342 2.17 3.92 3.00
development with partners 2/2032
13 Strategy & ecosystem 33.3% 66.7% n.a 3.83 2.17 442 2.83
3/2037
14 Decentralized medicine 3.64 2.54 3.79 2.69 421 246
in 2032°
15 Near extinction of small 421 362 457 3.54 357 1.92
hospitals in 2042°
16 Home treatment as is an 73.3% 42.9% 3,93 3,69 443 4
established part of hospital 2/2032 2/2032
services
Human-Centeredness C7/C8 Probability Probability
14/13 Cluster 7 Cluster 8
17 Gender specific medicine 40% 50% 257 3 393 4.38
3/2037 2/2032
18 Data & health literacy 26.7% 35.7% 336 331 436 377
of patients 2/2032 4/2042
19 Change in activity profiles 3,29 3.15 3.0 3.62 3.86 2.69
through the upgrading
of tasks in 2032°
20 Development of new job pro- 4.07 431 3.86 431 3,79 4,23
fessions and roles in 2037°
21 General practice shortage 414 362 3.86 3.69 1.93 1.31
in 2032°
22 Growing staff shortage 436 4.15 457 4.46 1.36 1
and workload increase
in 2027°
23 Capacity overload due to age- 336 354 4.0 392 20 1.92

ing & multimorbidity in 2032°

Statements that are marked with (b) have been measured in fixed-time horizon and measured with mean. Other statements measured with mode frequency; in
addition the mode probability on the scale 1-5 are displayed, as well as the percentage; n.a. no valid result (skipped question or lack of expertise)
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