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OBJECTIVE

Prevalenceandprognostic impact of cardiovascular disease differ betweenpatients
with or without diabetes. We aimed to explore differences in the prevalence and
prognosis of myocardial ischemia by automated quantification of total perfusion
deficit (TPD) among patients with and without diabetes.

RESEARCH DESIGN AND METHODS

Of 20,418 individuals who underwent single-photon emission computed tomog-
raphy myocardial perfusion imaging, 2,951 patients with diabetes were matched
to 2,951 patients without diabetes based on risk factors using propensity score.
TPDwas categorized as TPD5 0%, 0% < TPD < 1%, 1%£ TPD < 5%, 5% £ TPD£ 10%,
and TPD >10%. Major adverse cardiovascular events (MACE) were defined as a
composite of all-cause mortality, myocardial infarction, unstable angina, or late
revascularization.

RESULTS

MACE risk was increased in patients with diabetes comparedwith patients without
diabetes at each level of TPD above 0 (P < 0.001 for interaction). In patients with
TPD >10%, patients with diabetes had greater than twice the MACE risk compared
with patientswithout diabetes (annualizedMACE rate 9.4 [95% CI 6.7–11.6] and 3.9
[95% CI 2.8–5.6], respectively, P < 0.001). Patients with diabetes with even very
minimal TPD (0%< TPD<1%) experiencedahigher risk forMACE than thosewith 0%
TPD (hazard ratio 2.05 [95% CI 1.21–3.47], P5 0.007). Patients with diabetes with a
TPD of 0.5% had a similar MACE risk as patients without diabetes with a TPD of 8%.

CONCLUSIONS

For every level of TPD >0%, even a veryminimal deficit of 0% < TPD < 1%, theMACE
risk was higher in the patients with diabetes compared with patients without
diabetes. Patients with diabetes with minimal ischemia had comparableMACE risk
as patients without diabetes with significant ischemia.
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Diabetes is an important public health
problem, estimated to be present in 25%
of individuals over 65 years old in theU.S.
in 2017 (1). Numerous previous stud-
ies have demonstrated the prognostic
value of visually assessed single-photon
emission computed tomography (SPECT)
myocardial perfusion imaging (MPI) in
patients with diabetes (2–4); however,
little has been reported regarding quan-
titative assessment of myocardial perfu-
sion in relation to diabetes. In general
populations of patients undergoing SPECT
MPI, prior studies have shown that quan-
titative assessment of the extent and se-
verity of stress perfusion defect using the
stress total perfusion deficit (TPD) have
provided independent prognostic infor-
mation (5–7) and that even minimal ab-
normalities of TPD are associated with
increased risk (8,9). However, the prog-
nostic value of quantitative stress per-
fusion defects in the population with
diabetes has not been explored.
Once cardiovascular disease is estab-

lished, it is associated with a more rapid
progression and poorer outcomes in
patients with diabetes compared with
patients without diabetes (10–12). We
hypothesized that the prognostic value
of myocardial ischemia might be differ-
ent between patients with and without
diabetes according to myocardial ische-
mic burden and that the presence of
even a minimal perfusion deficit might
have greater prognostic significance in
patients with diabetes. In a group of
propensity-matched patients with and
without diabetes undergoing SPECT
MPI, we aimed to explore the relation-
ships regarding major adverse cardiac
events (MACE) and automated quantifi-
cation of TPD on SPECT MPI.

RESEARCH DESIGN AND METHODS

Study Population
Weused data from subjects enrolled in the
REgistry of Fast Myocardial Perfusion Im-
aging with NExt generation SPECT (REFINE
SPECT). The REFINE SPECT is an interna-
tional, multicenter, observational cohort
study of patients undergoing SPECT MPI
with cadmium zinc telluride cameras, de-
signed to evaluate the diagnosis and prog-
nosis using quantitative SPECTMPI. Details
of the rationale and design of the REFINE
SPECThavebeendescribedpreviously (13).
The overall population of REFINE SPECT
includes patients with suspected or known
coronary artery disease (CAD) who were

referred for SPECT imaging at five sites
across three countries (Canada, Israel, and
the U.S.) from 2009 to 2014. Participating
centers enrolled patients, collected data,
deidentified clinical and image data, and
transfered data to the central core labo-
ratory (Cedars-Sinai Medical Center). All
transferred data were checked by experi-
enced nuclear cardiologists at the central
core laboratory. Among 20,418 patients,
14,303 patients (3,122 patients with di-
abetes [22%] and 11,181 patients with-
out diabetes [78%]) were identified after
excluding individuals who had a prior
history of myocardial infarction, coronary
revascularization, cardiac transplantation,
and early revascularization (#90 days of
MPI). The institutional review board com-
mittees approved the study protocol at
each participating center and at the core
laboratory.

Image Acquisition
SPECTMPI scanning was performed in all
participants using D-SPECT (Spectrum-
Dynamics, Haifa, Israel) scanners or GE
Discovery NM 530c scanners (GE Health-
care, Haifa, Israel) (14,15). The image
acquisition protocols for the registry in-
cluded rest-stress or stress-rest 1-day,
rest-stress 2-day, or stress-only proto-
cols. Stress protocols include symptom-
limited Bruce/modified Bruce protocol
treadmill exercise testing or pharmaco-
logical stress testing combined with low-
level exercise whenever possible (16).

Image Process and Quantification of
Perfusion Defect
All anonymized Digital Imaging and Com-
munications inMedicine (DICOM) images
were transferred from each participating
center to the Core laboratory. Experi-
enced core laboratory technologists con-
ducted quality control and were blinded
regarding clinical and prognostic infor-
mation. Quantitative Perfusion SPECT
and Quantitative Gated SPECT software
programs (Cedars-Sinai Medical Center,
Los Angeles, CA) were used to gener-
ate myocardial contours, which were
manually adjusted to correspond to the
myocardium by an experienced core
laboratory technologist when neces-
sary. TPD was estimated using stress
images by previously described methods
(17). The upright position images from
the D-SPECT and supine position images
from the GE scanner were used to esti-
mate TPD.

Study End Point
The primary end point was MACE. MACE
was defined as a composite of all-cause
death, myocardial infarction, unstable
angina, and late revascularization (.3
months after image acquisition). Patient
follow-up was performed locally at each
participating center at the time of enroll-
ment. Mortality status was determined
usingtheSocial SecurityDeath Indexat the
centers in the U.S., the Ministry of Health
National Death Database at the centers in
Israel, and chart review of hospital and
medical office records through the OACIS
Clinical Information System at the centers
in Canada (13). Information regarding
revascularization, unstable angina, and
myocardial infarction were collected
from e-mail questionnaires, telephone
contact or medical records (including all
clinics, cardiology groups, insurance reg-
istries, and hospital visits). For each
patient considered to have had MACE,
medical records were reviewed and ver-
ified by site physicians. After medical
record andphysician review, all data and
events were transferred to the core
laboratory. Among 20,489 of initial en-
rollments, 71 patients were excluded
because of lost follow-up, missing clinical
information, or nondiagnostic MPI. The
firstMACE for each patient was recorded.

Statistical Analysis
To reduce the impact of differences in
baseline characteristics among patients
with and without diabetes, we adjusted
for confounding factors using propensity
scorematching.Propensityscorematching
is a reliable method to adjust for con-
founding in observational studies (18).
Propensity scores were calculated from
the predicted probabilities of a nonparsi-
moniousmultiple logistic regressionmodel
predicting diabetes status on the basis of
the following variables: age, sex, BMI,
hypertension, dyslipidemia, current smok-
ing, family history of CAD, type of stress
test (pharmacology or exercise), and scan-
ner type. Subsequently, propensity scores
wereused tomatchpatientswith diabetes
to patients without diabetes using the
Mahalanobis nearest-neighbor matching
algorithm based on a caliper of 0.001 (19).

Continuous variables are presented as
mean6 SD, and categorical variables are
presented as counts (proportions). The
normality of the variables was tested
by the Shapiro-Wilk test. Continuous
variables were compared by unpaired
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Student t test (normal distribution) or
Wilcoxon signed rank test (skewed dis-
tributions) and categorical variables
by Pearson x2 test. Paired Student
t test (normal distribution) or Wilcoxon
matched-pairs signed ranks test (skewed
distributions) were performed for paired
continuous variables, and the McNemar
testwasperformed forpaired categorical
variables. The subjects were categorized
by the presence of perfusion defect
(TPD 5 0% or TPD .0%), as well as
the extent of perfusion defect (no deficit
[0%], very minimal deficit [0% , TPD ,
1%],minimal deficit [1#TPD,5%],mild
deficit [5# TPD# 10%], and moderate-
to-severe deficit [.10%]). The threshold
of TPD was derived from previous prog-
nostic analysis (9). Interactions between
diabetes and TPD categories on MACE
outcomes were assessed in a Cox model
containing diabetes and TPD. The inter-
action termwas significant, and theWald
P value for the interaction term was
reported. The annualized MACE rate
was calculated to determine the risk
of MACE across TPD category. An expo-
nential model was used to evaluate the
annualized MACE rate according to the
continuous TPD level. Cumulative inci-
dences ofMACEwere estimated for each
TPD category using the cumulative in-
cidence function (20,21). A Cox regres-
sion analysis was used to estimate the
risk of MACE across diabetes groups in
each TPD category. The adjusted hazard
ratio (HR) was reported with 95% CIs. In
addition, competing risks regression was
used to perform subdistribution hazards
model for MACE risk to adjust for the
impact of competing risk on model per-
formance (22). Multivariable models
were adjusted for age, sex, BMI, hyper-
tension, dyslipidemia, smoking status,
family history of CAD, stress test type,
and center location. The predicted prob-
ability of undergoingMACE at 1 year and
5 year for each patient was estimated
using a Cox model consisting of diabetes
status and TPD%. A two-tailed P value
of ,0.05 was considered statistically
significant. All statistical analyses were
performed using STATA, version 13
(StataCorp LP, College Station, TX).

RESULTS

Baseline Characteristics
Prior tomatching, patients with diabetes
were significantly older and had a higher
prevalence of most cardiovascular risk

factors, but a lower prevalence of family
history of CAD compared with patients
without diabetes (Table 1). A higher
proportion of patients with diabetes un-
derwent pharmacological stress relative
to patients without diabetes. After risk
adjustment by propensity score match-
ing, all matching parameters did not
differ between the patients with and
without diabetes. Both groups had a
high prevalence of comorbidities, such
as hypertension (79%) and dyslipidemia
(73%). The proportion of subjects in each
TPD category was similar between the
patientswith andwithout diabetes; how-
ever, the prevalence of TPD .10% was
higher in the groupwith diabetes (Table 1)
(TPD .10%, diabetes vs. nondiabetes:
7.6% vs. 5.8%, P 5 0.007).

Propensity Matching
Of the 3,122 patients with diabetes,
171 (5%) were excluded by the caliper
of 0.001 of matching algorithm. Finally, a
total of 2,951 patients with diabetes
were propensity matched in a 1-to-1
fashion to 2,951 patients without diabe-
tes. Standard differences of all matching
covariates between matched groups
were ,0.05, and ,0.1 indicated excel-
lent covariate balance with a negligible
difference in the mean of covariates
between groups (18,19) (Supplementary
Table 1).

Risk of MACE in Matched Patients With
and Without Diabetes
During a median follow-up of 4.6 (IQR
3.6–6.0) years (4.6 [IQR 3.6–5.9] for
patients with diabetes and 4.7 [IQR
3.7–6.2] for those without), 468 (16%)
and290 (10%)MACEoccurred in patients
with and without diabetes, respectively
(P , 0.001 for difference). A significant
interaction existed between diabetes
and risk for MACE across TPD categories
(P 5 0.024). Among patients with 0%
TPD, the annualized MACE rate was 1.2
(95% CI: 0.7–1.9) and 1.0 (95% CI: 0.6–
1.7) in patients with and without diabe-
tes, respectively (Fig. 1) (P 5 0.728 for
difference). In the group with diabetes,
MACE increased progressively with each
increasing TPD category (P , 0.001). A
similar progressive increase inMACEwas
observed in the group without diabetes,
although theMACE ratewas consistently
lower than that of the group with di-
abetes in each TPD category (Fig. 1) (P,
0.05 for all and Supplementary Fig. 1).

The annualized MACE rate demonstrated
the greatest difference between the pa-
tients with and without diabetes among
those with a TPD.10% (9.4 [95% CI: 7.6–
11.6] indiabetes and3.9 [95%CI: 2.8–5.6]
in nondiabetes, P5 0.001 for difference
and P, 0.001 for interaction). Notably, a
TPD of 0.5% and 3% in patients with
diabetes had the same future MACE risk
as a TPD of 8% and 11% in patientswithout
diabetes, respectively (Supplementary
Table 2).

In theCox regression analysis, age, sex,
BMI, family history of CAD, stress test
type, and TPD were significantly associ-
ated with MACE in both patients with and
without diabetes (Table 2). Risk forMACE
tended to increase at higher levels of
TPD, with a statistically significant cor-
relation in patients with diabetes. The
groupwithdiabeteswith0%,TPD,1%
had significantly higher risk compared
with those with 0% TPD (HR: 2.08, 95% CI:
1.23–3.53, P 5 0.007). In the group
without diabetes, patients with 0% ,
TPD, 1% showed a trend toward higher
risk than those with 0% TPD (HR: 1.35,
95% CI: 0.78–2.42, P 5 0.307) (Table 2).
In the subdistribution hazards model,
the prognostic significances of TPD
were unchanged in both patients with
and without diabetes (Supplementary
Table 3).

There was no significant difference in
MACE risk among patients with and
without diabetes with 0% TPD (HR:
1.13, 95% CI: 0.56–2.27, P 5 0.728)
(Fig. 2A). Among patients with TPD .0%,
the risk for MACE was 1.7-fold higher
among the group with diabetes relative
to patients without diabetes (HR 1.70,
95% CI: 1.46–1.97, P , 0.001) (Fig. 2B).
Patients with diabetes had consistently
higher risk for MACE compared with
patients without diabetes across all
TPDcategories greater than0%, including
the minimal category of 0% , TPD , 1%
(Fig. 2C–F) (all P , 0.05).

CONCLUSIONS

In this observational multicenter study,
we demonstrated that each level of
ischemia as assessed by the quantitative
TPD is associated with greater adverse
prognosis among patients with diabetes
relative to their counterparts without
diabetes. The increase in risk associated
in the patients with diabetes was seen in
all categories of TPD above 0. Impor-
tantly, in patients with TPD .10%, the
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risk of events was more than doubled in
patients with diabetes. Even the most
minimal presence of TPD (0% , TPD ,
1%) was associated with increased risk
in the patients with diabetes compared

with those with 0% TPD. In addition,
patients with diabetes with minimal
TPD had comparable MACE risk as pa-
tients without diabetes with significant
TPD. The group of patients with 0% TPD

had a consistent low risk ofMACE in both
patients with and without diabetes.

Early prognostic studies in patients
with diabetes revealed higher cardiovas-
cular event rates comparedwith patients
without diabetes and showed that the
annual event rate increased with higher
ischemic burden (2–4). More recently,
multiple clinical trials confirmed that
SPECT MPI improved cardiovascular
risk assessment as well as was useful
in guiding treatment strategy in patients
with diabetes (23,24). However, these
studies were based on subjective visual
analysis, which depends on observer
expertise, and did not address the prog-
nostic differences associated with min-
imal perfusion defects.

Previous studies have shown that car-
diac risk is increased in patients with
minimal perfusion defects compared
those with normal perfusion defects
(6,8). In a large cohort of patients with
suspected CAD, Abidov et al. (25) reported
that minimal perfusion defects (summed
stress score 1–2), resulting in a visual
interpretation of “probably normal,”
had increased all-causemortality com-
pared with patients with normal scans.
Using quantitative analysis, Nakazato et al.

Table 1—Baseline characteristics in the study population before and after matching

Before matching After matching

Patients with
diabetes (n5 3,122)

Patients without
diabetes (n5 11,181) P value

Patients with
diabetes (n5 2,951)

Patients without
diabetes (n5 2,951) P value

Age, years 64 6 11 62 6 12 ,0.001 64 6 11 65 6 12 0.077

Sex, male 1,597 (51) 5,768 (51) 0.668 1,506 (51) 1,519 (51) 0.753

BMI, kg/m2 31.4 6 7.7 27.8 6 5.9 ,0.001 31.0 6 7.3 30.8 6 7.2 0.294

Hypertension 2,462 (79) 5,743 (51) ,0.001 2,309 (78) 2,323 (79) 0.585

Dyslipidemia 2,299 (74) 5,484 (49) ,0.001 2,153 (73) 2,142 (73) 0.726

Family history of CAD 739 (24) 3,247 (29) ,0.001 701 (24) 694 (24) 0.853

Smoking 490 (16) 2,216 (20) ,0.001 470 (16) 472 (16) 0.971

Stress type ,0.001 0.240
Exercise 1,239 (40) 6,086 (54) 1,198 (40) 1,155 (39)
Pharmacology 1,883 (60) 5,095 (46) 1,753 (60) 1,796 (61)

Site ,0.001 0.004
Assuta 1,253 (40) 3,949 (35) ,0.001 1,200 (41) 1,126 (38) 0.049
BW 363 (12) 1,264 (11) 0.616 349 (12) 327 (11) 0.369
CSMC 645 (21) 2,119 (19) 0.033 597 (20) 578 (20) 0.536
Oregon 530 (17) 1,666 (15) 0.004 490 (17) 513 (17) 0.425
Ottawa 331 (11) 2,183 (20) ,0.001 315 (11) 407 (14) ,0.001

TPD categories ,0.001 0.019
No deficit (TPD 5 0%) 318 (10) 1,321 (12) 0.012 303 (10) 311 (11) 0.733
Very minimal (0% , TPD , 1%) 697 (22) 3,004 (27) ,0.001 658 (22) 719 (24) 0.060
Minimal (1% # TPD , 5%) 1,428 (46) 5,067 (45) 0.675 1,356 (47) 1,378 (46) 0.566
Mild (5% # TPD # 10%) 435 (14) 1,261 (11) ,0.001 409 (14) 370 (13) 0.134
Moderate to severe (TPD.10%) 244 (8) 528 (5) ,0.001 225 (8) 173 (6) 0.007

Data are presented as mean6 SD or n (%). Assuta, Assuta Medical Center; BW, Brigham and Women’s Hospital; CSMC, Cedars-Sinai Medical Center;
Oregon, Oregon Heart and Vascular Institute; Ottawa, Ottawa Heart Institute.

Figure 1—Annualized MACE rate in patients with and without diabetes according to TPD
categories.
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(8) reported that minimal perfusion de-
fects in patients with suspected CAD,
defined as 1–4% TPD, were associated
with significantly higher all-cause mortal-
ity compared with patients with TPD of
0%. More recently, our group demon-
strated that the findings of even a very
minimal perfusion defect (0% , TPD ,
1%) have significant prognostic value in
the overall cohort from the REFINE SPECT
cohort (9).
The current study has expanded on

previous findings by comparing the prog-
nostic value of these very mild defects
between groups with and without diabe-
tes. As noted, in this matched subset from
the REFINE SPECT registry, the group with
diabetes showed an increased risk in
patients with 0%, TPD, 1% compared
with those without any delectable perfu-
siondefect (TPD50%) onSPECTMPI. The
reason for this difference is unclear. The
0% , TPD , 1% category may be be-
cause of a true mild regional decrease
in myocardial perfusion abnormality in
which only a very small portion falls below
the normal limits that form the basis for
quantitation of TPD. The application of
deep learning to raw polar maps could
provide insight into this possibility (26).
In this study, we compared future

MACE risk between patients with and
without diabetes for minimal-to-small
TPD levels. The large sample size of
the current study allowed us to investi-
gate the association of TPD with future
MACE risk in this selected population.
Interestingly, the prevalence of minimal-

to-small TPDwere not different between
patients with and without diabetes af-
ter risk adjustment by propensity score
matching. However, the prognostic im-
pact of minimal-to-small TPD between
the groups was different. As noted, pa-
tients with diabetes with a very minimal
TPD level (0.5%)havesimilarMACEriskas
patients without diabetes with a signif-
icant TPD level (8%) based on our equa-
tion. Therefore, patients with diabetes
with even minimal perfusion defect may
require medical attention, and those
patients could be managed as if they
had significant perfusion defects.

Patients with diabetes have been
shown to have 2- to 3-fold higher car-
diovascular risk compared with patients
without diabetes, independent of other
cardiovascular risk factors (27,28). How-
ever, the impact of diabetes on theMACE
risk varies according topatient character-
istics, such as age, sex, or the presence
or extent of CVD (2–4,11,29,30). In the
current study, the annualized MACE rate
demonstrated the smallest difference
between patients with and without di-
abetes among those with a TPD of 0%.
The differences in MACE risk between
patients with and without diabetes in-
creased with greater TPD (P, 0.001 for
interaction). This suggests that patients
with diabetes are more vulnerable to a
greatermyocardial ischemic burden than
patients without diabetes are, even if
they have similar risk factors.

This study has limitations. Although
the current study was multicenter and

prospective in nature with a large sample
size, we cannot discount the follow-up
bias as well as the possibility of unmea-
sured confounding factors that may have
influenced the clinical end points. In-
formation regarding baseline and down-
stream pharmacological management of
diabetes was unavailable. Therefore, the
effects of specific medical therapy and
how itmight have influenced the relation-
ship between TPD and MACE cannot be
accounted for in this study. Though we
used detailed TPD categories to assess
the prognostic value of the perfusion
defect including the most minimal ab-
normality (0% , TPD , 1%), the pos-
sibility that factors other than the true
perfusion abnormality might be causa-
tive of this finding, such as increased
motion artifact in the sicker patients,
could not be excluded. Our findings in-
dicate that there was a high prevalence of
mild stress perfusion myocardial abnor-
malities, with over 50% having TPD that
was above 0 but ,5%, the usual clinical
criterion for an abnormal study. This high
prevalence raises concern about how the
findings in theminimally abnormal groups
would be applied clinically. Additional
studies are warranted to validate the
prognostic significance of minimal TPD
in other cohorts.

In conclusion, patients with diabetes
were found to have a higher risk for
MACE than patients without diabetes
across all categories of quantitative per-
fusion abnormality. Patients with diabetes
were found to have increased MACE risk

Table 2—Cox regression analysis for the prediction of MACE

Patients with diabetes Patients without diabetes

HR 95% CI P value HR 95% CI P value

Age 1.03 1.03–0.04 ,0.001 1.06 1.04–1.07 ,0.001

Male 1.43 1.19–1.71 ,0.001 1.48 1.17–1.87 0.001

BMI 0.97 0.95–0.98 ,0.001 0.97 0.95–0.98 ,0.001

Hypertension 1.29 1.02–1.64 0.036 1.28 0.94–1.73 0.114

Dyslipidemia 0.99 0.81–1.21 0.892 1.05 0.81–1.37 0.697

Smoking 1.32 1.04–1.66 0.020 1.22 0.91–1.66 0.178

Family history of CAD 0.73 0.58–0.92 0.008 0.65 0.48–0.89 0.006

Pharmacological stress test 2.27 1.84–2.81 ,0.001 2.25 1.71–2.95 ,0.001

TPD, % increase* 1.06 1.05–1.07 ,0.001 1.04 1.02–1.06 ,0.001

TPD category*
No deficit (TPD 5 0%) 1 (reference) d d 1 (reference)
Very minimal (0% , TPD , 1%) 2.08 1.23–3.53 0.007 1.35 0.78–2.42 0.307
Minimal (1% # TPD , 5%) 2.60 1.58–4.28 ,0.001 1.69 0.99–2.90 0.056
Mild (5% # TPD # 10%) 3.43 2.02–5.83 ,0.001 2.16 1.21–3.88 0.010
Moderate to severe (TPD .10%) 6.15 3.61–10.48 ,0.001 2.59 1.37–4.90 0.003

*Multivariate analysis including all matching variables and center location.

care.diabetesjournals.org Han and Associates 457

http://care.diabetesjournals.org


even with the most minimal quantitative
perfusion defects. Patients with diabetes
with minimal ischemia had comparable
MACE risk as patients without diabetes
with significant ischemia.

APPENDIX

List of Participating Investigators. The
participating investigators are as follows:

Piotr J. Slomka, Daniel S. Berman, Damini
Dey, Balaji K. Tamarappoo, and Guido
GermanoatCedars-SinaiMedical Center;
Marcelo Di Carli and Sharmila Dorbala
at Brigham andWomen’s Hospital; Philipp
A. Kaufmann at University of Zurich;
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