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Abstract
Clinical application of whole-exome and whole-genome sequencing (WES and WGS) has led to an increasing interest in
how it could drive healthcare decisions. As with any healthcare innovation, implementation of next-generation sequencing in
the clinic raises questions on affordability and costing impact for society as a whole. We retrospectively analyzed medical
records of 370 patients with ID who had undergone WES at various stages of their diagnostic trajectory. We collected all
medical interventions performed on these patients at the University Medical Center Utrecht (UMCU), Utrecht, the
Netherlands. We categorized the patients according to their WES-based preliminary diagnosis (“yes”, “no”, and
“uncertain”), and assessed the per-patient healthcare activities and corresponding costs before (pre) and after (post) genetic
diagnosis. The WES-specific diagnostic yield among the 370 patients was 35% (128 patients). Pre-WES costs were €7.225
on average. Highest average costs were observed for laboratory-based tests, including genetics, followed by consults.
Compared to pre-WES costs, the post-WES costs were on average 80% lower per patient, irrespective of the WES-based
diagnostic outcome. Application of WES results in a considerable reduction of healthcare costs, not just in current settings,
but even more so when applied earlier in the diagnostic trajectory (genetics-first). In such context, WES may replace less
cost-effective traditional technologies without compromising the diagnostic yield. Moreover, WES appears to harbor an
intrinsic “end-of-trajectory” effect; regardless of the diagnosis, downstream medical interventions decrease substantially in
both number and costs.

Introduction

Clinical implementation of next-generation sequencing
(NGS) technologies has greatly impacted the field of med-
ical genetics. In particular, whole-exome sequencing (WES)
has increased diagnostic yield across patient groups,
decreased the time-to-diagnosis, and provided more com-
prehensive diagnoses than traditional technologies [1–4].

As a result, many patients have benefited from the use of
WES as a diagnostic tool [5–8].

Despite these successes, there is a considerable number
of elements that prohibit WES—or its successor, whole-
genome sequencing (WGS)—from being implemented as
the standard primary genetic diagnostic tool. Some cite
the technical limitations of WES, e.g., its inability to
detect copy number variation (CNV) routinely, although
solutions have been provided [9]. Also, it has been largely
debated if and how clinical genetic centers should deal
with the return of (incidental) findings, as well as results
from research [10]. Furthermore, the management,
accessibility, and security of the resulting information
have been extensively debated [11]. While these are all
genuine challenges for applying WES in the clinic, it is
unlikely that they will remain unresolved, especially since
the framework is in place for assessing the analytical and
clinical validity, clinical utility, and ethical, legal and
societal issues (ACCE) [12]. Therefore, it is now impor-
tant to consider how genetic testing using NGS impacts
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the rest of the healthcare trajectory. Intuitively, diagnostic
yield would be a good representation of the clinical utility
component in the ACCE framework—the more patients
that receive a diagnosis, the better a genetic test would be.
The value of having a diagnosis for an individual patient
is unquestionable. However, diagnostic yield in itself
cannot be used as the only justification to introduce a new
technology. Assessing the quality of genome care entails
more than the technology’s diagnostic yield. In addition,
we should therefore also focus on total costs for the entire
patients medical trajectory.

Here, we consider the impact of WES on the entire
healthcare trajectory by a detailed measurement of costs
before WES and changes in these costs following WES.
Cost-effective studies on the implementation of WES and
WGS are beginning to emerge, with a total of 34 such
studies to date, 29 of which utilized WES [13]. The majority
of these studies concluded within the context of specific
country or institution that WES could be cost-effective
compared to traditional technologies [13]. Recently,
two cost-effectiveness studies for WES have been per-
formed in the Netherlands, one of which by us [14, 15].
These studies considered patients with (syndromal forms of)
neurological disorders, for whom it was demonstrated that
the diagnostic application of WES results in a higher
diagnostic yield and could result in considerable savings (up
to €5000 per patient) [14, 15]. However, these studies are
hard to generalize and the few studies that have performed
comprehensive economic evaluation have focused upon
small, selected patient populations, and importantly did not
include post-WES health care consumption.

Therefore, we performed a study to: (1) validate the
results from previous studies in a larger cohort of patients
with ID; (2) assess the total costs of the diagnostic trajectory;
and (3) evaluate the post-test costs for medical interventions.

Materials and methods

Patient selection

We included 370 patients with ID who had diagnostic trio-
WES performed at the Wilhelmina Children Hospital,
University Medical Centre Utrecht (UMCU), The Nether-
lands. Consistent with previously described ESHG recom-
mendations [16], variant analysis and reporting are kept
limited and the phenotype is focused upon by using a
multistep approach and bioinformatic filtering of variants.
Specifically, in-line with the ESHG recommendations, an
active search for secondary findings was not performed
[17]. Secondary findings that were incidentally uncovered
by the filtering pipeline (unsolicited findings) were only
reported if the patient chose to receive these findings.

Data collection and preparation

All available data were retrospectively collected from the
hospital information systems and patient records. Data
comprised all healthcare activities performed at UMC
Utrecht, as registered in patient medical records. All data
were pseudonymized. The start of data collection was each
patient’s first visit to the Wilhelmina Children Hospital,
UMCU. Data collection for all patients ended on 25
November 2015. All patients underwent WES at various
time points within this period.

All health care activities were eventually linked to their
unit costs. Unit costs of resource use were derived from
the price lists and price table issued by the Dutch Healthcare
Authority (Nederlandse Zorgautoriteit; NZA) [18], and the
cost-manual of the National Health Care Institute (Zorgin-
stituut Nederland; ZiN) [19]. Costs for WES were excluded,
except for the WES-first scenario analyses.

Volumes obtained from the data collection were mul-
tiplied with the unit costs and were expressed in mean,
median, and range. Patients were thereafter subdivided
into different groups according to their molecular diag-
nosis (“yes”, “no”, “uncertain”) and whether healthcare
activities occurred before or after WES. Costs before and
after WES for patients receiving a diagnosis were labeled
as “yes-pre” and “yes-post”. Costs before and after
WES for patients not receiving a molecular diagnosis
were labeled as “no-pre” and “no-post”. Costs for those
patients who did not receive a diagnosis due to a variant of
unknown significance (VUS) outcome were labeled as
“uncertain-pre” and “uncertain-post”. To obtain insight in
the type of healthcare activities that would be affected by
WES, we defined 12 categories (administration, imaging,
cardiovascular diagnostics, daycare, genetic tests, other
laboratory tests, medication, consultations, surgery, hos-
pitalizations, emergency admissions, and other healthcare
use), and performed analyses on these.

Cost analyses

All data were analyzed using the statistic software pro-
gramme R [20]. For the overall cost analysis of all patients,
we set up a retrospective longitudinal cost-of-illness study
from a healthcare perspective, i.e., all hospital-related costs
were taken into account, without a specific distinction
between disease-related and disease-unrelated costs. We
calculated both overall and category-specific healthcare
costs per patients within the diagnostic categories (“yes”,
“no”, “uncertain”).

To assess the impact of WES on post-test healthcare
activities, we assessed the costs before and after WES for
each of the diagnostic groups. Since there was a substantial
difference in the length of patient trajectory before and after
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WES, we corrected for time biases by calculating the
costs per day for each patient. In addition, we took
only costs directly related to the diagnostic trajectory
into account (diagnostic procedures, laboratory investiga-
tions, daycare, consultations, and genetics). We divided
the group into those patients with WES as a last diagnostic
test and those patients for whom WES was used as a first-
tier test.

Results

Diagnostic yield

WES-based diagnostics in the 370 patients revealed disease-
causing variants in 128 of these individuals (Table 1).
The diagnostic yield for WES in previously undiagnosed
patients was thus 35%, not comprising diagnoses based
on variant-of-unknown-significance (VUS; 41%).

Total costs

The average healthcare cost before WES was €16.346,
and including the cost of trio-WES the total mean cost
was €19.946 (Table 1). Costs per intervention category
varied considerably, with hospitalization accounting for
the largest portion of the costs (±48%), followed by
genetic and other laboratory tests (±13%) and consulta-
tions (±14%). Costs for medication were relatively low.
Around 40% of the average costs before WES were
geared toward obtaining a diagnosis, i.e., interventions in
the categories Diagnostics, Lab, Consultations, and
Genetics, €7225.

Costs after WES

The length of follow-up after WES was on average 25% of
the period before WES (240 versus 922 days), and the range
was relatively wide (0–1603 days in “pre” and 41–587 days
in “post”; Table 2). In order to make a valid comparison
between the costs for interventions that were performed
before and after WES, we subsequently calculated the
average per-day-per-patient costs for each intervention
category (Table 2). Also, we excluded non-diagnostic costs
(Hospitalization, Daycare, Other) from further analyses and
divided the total group into those patients receiving WES as
first-tier test and those patients with WES at the end of the
diagnostic trajectory.

Patients received WES on average after 951, 869, and
986 days for YES (n= 116), NO (n= 76), and UNCER-
TAIN (n= 128), respectively. On average, the daily
healthcare costs after WES for patients receiving WES at
the end of their diagnostic trajectory were around 82%
lower than healthcare costs before WES (a reduction of
€10.06, €8.46, and €9.16 in the “yes”, “no”, and “uncertain”
groups, respectively); Table 2). We observed the largest
decrease in the category of laboratory interventions (±90%),
followed by the genetics (±86%), and diagnostics categories
(±82%). A total of 76 patients did not have any medical
activity up to 122 days (4 months) after WES was per-
formed. Although we were aware of their diagnosis (due to
the retrospective approach) it was not yet known for these
patients at the end of the data collection. Even when we
exclude these from our analyses, the reduction in costs after
WES is considerable, although the size of the effect is
slightly smaller (±76%) (a reduction of €9.13, €8.38, and
€7.52 in the “yes”, “no”, and “uncertain” groups,
respectively).

A small subgroup of patients have had WES as a first-tier
genetic test, no other genetic test have been performed
upfront. This WES was performed on average after 331,
779 and 917 days for YES (n= 12), NO (= 13) and
UNCERTAIN (n= 25) respectively. On average, the daily
healthcare costs for patients receiving WES as a first-tier
diagnostic test were around 58% lower than those before
WES (a reduction of €5.54, €9.77, and €1.11, respectively,
in the “yes”, “no” and “uncertain” groups; Table 2). We
again observed the largest decrease in the category of
laboratory interventions (±92%).

Discussion

Based on analysis of hospital records of 370 patients with
(syndromal forms of) intellectual disability, we provide a
first glimpse of the impact of WES on a patient’s medical
trajectory. We confirm results from previous cost studies,

Table 1 Number of patients, total costs, and time before whole-exome
sequencing

N= 370

Mean % of total Median Range

Time (days) 932 1019 0–1603

Diagnostic (€) 547 3% 369 0–5301

Lab (€) 2192 13% 1532 0–11,345

Daycare(€) 814 5% 211 0–10,866

Consultations (€) 2329 14% 1232 0–18,954

Genetics (€)

Other (€) 2157 13% 1545 0–13,289

WES (€) 3600 100% 3600 3600–3600

Medication (€) 101 1% 0 0–13,904

Hospitalization (€) 7759 48% 245 0–194,381

Other (€) 447 3% 0 0–98,047

Total (€) 19,946 8734 0–316,860
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showing that WES provides a considerable diagnostic yield
in addition to traditional technologies [1–4]. Moreover, we
show that average daily healthcare costs after WES are
considerably lower than those before WES, regardless of
the position in the diagnostic trajectory (“WES-first” or
“WES-last”) or the diagnostic outcome (“yes”, “no”,
“uncertain”). Whereas these results have to be interpreted
with caution due to the low numbers of patients (especially
for “WES-first”), they facilitate a realistic assessment of the
role of genetic care in future healthcare.

Our outcomes demonstrate large cost ranges when taking
all cost categories into account. These ranges are mainly
related to the large differences in time and number of hos-
pitalizations for these patients. If hospitalization is excluded
from the analyses, as performed when calculating the
impact of WES, outcomes have less variability. Median cost
outcomes are more closely together indicating the varia-
bility in results. Moreover, we have observed large differ-
ences in the BEFORE costs of the WES-first outcomes.
These differences are mainly due to the low number of
patients in each group (N= 12, 13, and 25, respectively, in
the “yes”, “no”, and “uncertain” groups) and the relatively
large individual differences in specific categories. As indi-
cated, these results therefore need to be interpreted with
caution.

More than traditional genetic diagnostic technologies,
WES seems to harbor an intrinsic “end-of-trajectory” effect;
healthcare costs decrease substantially, both when WES
was applied as a last diagnostic test and when WES was

used as first-tier test. This effect occurs largely regardless of
diagnostic outcome, with one exception; an uncertain
diagnosis when WES was used as a first-tier test still leads
to relatively high average daily healthcare costs post WES.
Still, the results indicate that using WES as a first-tier test
may replace some of the traditional (non-genetic) diagnostic
tests and may therefore result in a reduction of overall
healthcare costs. We recognize that the effect is inflated by
consideration of medical activities within UMC Utrecht
only. Any medical activity that has been performed outside
of UMC Utrecht (either before or after WES) was not taken
into consideration. Finally, the post-WES follow-up in this
study was much shorter than the pre-WES trajectory (250
versus 922 days), so the longer-term post-WES effects
remain thus far not measured. Despite these limitations, the
results of this study suggest that WES should be reposi-
tioned in the diagnostic trajectory of patients with ID, as it
has thus far been applied as a “last resort”.

Vissers et al. [21] have previously outlined that sub-
stitution of conventional genetic testing by WES in their
intellectual disability cohort (n= 150) would result in cost
saving of €774 per patient. The underlying assumptions
were that WES would replace all genetic testing, and that
conventional diagnostic tests would only be omitted in case
of a conclusive diagnosis. The latter was assessed in inter-
views with pediatric neurologists who expected that the
impact of WES on other diagnostic tools would remain
minimal. However, based on the results of this study, one
could envision a “genetics-first” scenario in which some of

Table 2 WES at the beginning and end of the diagnostic trajectory; cost per patient per day, pre and post, type of diagnosis

Diagnosis

YES_PRE
(n= 116)

YES_POST
(n= 116)

NO_PRE
(n= 76)

NO_POST
(n= 76)

UNCERTAIN_PRE
(n= 128)

UNCERTAIN_POST
(n= 128)

WES at the end of the diagnostic trajectory

Diagnostic (€) 0.93 0.16 0.55 0.15 0.84 0.07

Lab (€) 4.29 0.4 3.02 0.29 3.01 0.3

Daycare (€) 0.97 0.27 0.87 0.16 1.2 0.26

Consultations (€) 2.8 1.14 2.31 0.72 2.67 0.8

Genetics (€) 3.69 0.65 3.36 0.33 3.29 0.42

Total (€) 12.68 2.62 10.11 1.65 11.01 1.85

YES_PRE
(n= 12)

YES_POST
(n= 12)

NO_PRE
(n= 13)

NO_POST
(n= 13)

UNCERTAIN_PRE
(n= 25)

UNCERTAIN_POST
(n= 25)

WES as first-tier diagnostic test

Diagnostic (€) 0.39 0.06 2.29 0.19 0.43 0.29

Lab (€) 3.94 0.3 4.83 0.01 1.21 0.15

Daycare (€) 0.98 0.21 1.97 0.57 0.5 0.54

Consultations (€) 2.82 1.73 3.27 0.9 2.1 1.73

Genetics (€) 0 0.29 0 0.92 0 0.42

Total (€) 8.13 2.59 12.36 2.59 4.24 3.13
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the conventional costs prevail, but the “end-of-trajectory”
effect impacts the downstream medical decisions to some
extent. For example, under the assumption that WES
replaces all traditional genotyping technologies, other
diagnostic interventions, and all other laboratory investi-
gations (€4.896 per patient), the direct effect could be an
average cost reduction of €1.296 per patient in our cohort.
Moreover, if we assume consistent reductions in the number
of consultations, and in daycare as observed post WES in
our study (50%) this would lead to a potential and total cost
reduction of €2.868 (€6.468− €3.600). Future prospective
studies will likely provide a realistic estimate of the repla-
cement rate.

We obtained a diagnostic yield of 35% among the 370
patients who had been referred for WES—those patients for
whom no diagnosis was obtained with traditional technol-
ogies. In our study we did not include patients for whom a
variant-of-unknown significance was identified into the
diagnostic yield. This is done to prevent the over-
interpretation of the “yes” and “no” group. We expect
that over time the pathogenicity of an increasing number of
variants will become clearer, resulting in a decrease in the
number of uncertain diagnoses, which will result in a more
comprehensive yield for this patient population [22].

Our costing study has a few limitations. At first, in our
study, we only considered medical interventions in UMC
Utrecht. Our results would benefit from the possibility to
take medical interventions in other hospitals into account.
However, privacy regulations make it currently impossible
to obtain nation-wide data from individuals. Notably, we
excluded all patients with no post-WES follow-up from our
scenario analyses. Another limitation is the inclusion of
patients from only one hospital. Although differences
between hospitals in the Netherlands could occur, we
believe treatment and diagnostic pathway of these patients
are relatively the same between hospitals. A last limitation
of this study is the fact that we can only hypothetically
demonstrate the possible cost savings. The impact of WGS
on health care consumption should be validated in pro-
spective studies.

Finally, outcomes of this research indicate again that
collaboration between all different specialists is needed to
ensure and improve the cost-efficient implementation of
genetics first in the hospital.

Conclusion

Our study confirms that replacing traditional genetic tech-
nologies with WES results in cost-effective diagnostics for
patients with ID. Moreover, the results indicate that
applying WES earlier in the diagnostic trajectory of these
patients could decrease overall healthcare costs, not only

because of replacement of traditional technologies, but also
because of an “end-of-trajectory” effect. Our study thus
confirms what was hypothesized in other studies; WES can be
a cost-effective diagnostic tool for patients with ID [23–25].
To our knowledge, our study encompasses the largest
patient group for which healthcare cost information is
available that has been reported thus far.
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