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Background. SPECT myocardial perfusion imaging (MPI) provides an assessment of LV
mechanical dyssynchrony (LVMD) which correlates with CVD outcomes in diverse populations
including those awaiting renal transplant (RT). The current study examines the association of
LVMD on pre-transplant MPI with long-term CVD mortality post RT.

Methods. We identified consecutive patients who underwent RT at the University of Ala-
bama at Birmingham between 2008 and 2012 from our prospectively collected database. 675
patients in the database underwent MPI and had images amenable for phase analysis. A blinded
investigator retrieved the studies and derived LVMD indices including histogram bandwidth
(BW), standard deviation (SD), phase peak, phase skewness, and phase kurtosis. The primary
outcome was CVD death after RT.

Results. The study cohort had a median age of 54 years, 56 % were men, 43% had diabetes,
and 7% had prior myocardial infarction. Patients were on dialysis for a median of 3.4 years
prior to RT and 34% received living donor transplants. During a median follow-up time after
RT of 4.7 years (IQR 3.5 to 6.3 years) 59 patients (9% ) succumbed to CVD death. Patients with
wider BW, wider SD, lower skewness, and lower kurtosis had an increased risk of CVD death.
On multivariate adjustment, BW and skewness remained as independent predictors of CVD
deaths.

Conclusions. LVMD by phase analysis of gated SPECT MPI is associated with increased
risk of CVD death after RT. This association is independent of demographics, comorbidities,
and traditional findings on MPI and added incremental prognostic information. Assessment of
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LVMD should be considered for risk stratification in these patients. (J Nucl Cardiol

2022;29:2896-905.)
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Abbreviations

BW Histogram bandwidth

CVD Cardiovascular disease

ESRD End-stage renal disease

LVEF Left ventricular ejection fraction

LVMD Left ventricular mechanicall
dyssynchrony

MPI Myocardial perfusion imaging

RT Renal transplant

SD Standard deviation

SPECT Single-photon ~ emission  computed
tomography

Cardiovascular disease (CVD) is the leading cause
of death in patients with chronic kidney disease, espe-
cially those with end-stage renal disease (ESRD).'”
While renal transplantation (RT) offers a viable treat-
ment option for patients with ESRD, it is largely limited
by the shortage of available organs, and CVD continues
to be a major cause of death even after RT.? Prior to
undergoing RT, patients generally undergo a thorough
multi-system evaluation that includes an assessment of
CVD and its risk factors.*” Risk assessment prior to RT
is different than that performed prior to non-transplant-
related procedures in that it has to account for long-term
risk to make the best use of the available donor
organs.®’ The scientific statement by the American
Heart Association (AHA) and the American College of
Cardiology (ACC) on cardiac disease evaluation and
management among kidney and liver transplantation
candidates, which was endorsed by the American Soci-
ety of Transplant Surgeons, American Society of
Transplantation, and National Kidney Foundation, rec-
ommends the use of non-invasive cardiac stress testing
for risk stratification in RT candidates based on the
presence of risk factors.” We and others have demon-
strated the value of cardiac stress testing with single-
photon emission computed tomography (SPECT)
myocardial perfusion imaging (MPI) performed during
the pre-transplant evaluation process on predicting long-
term outcomes after RT.*”

While MPI provides important information regard-
ing myocardial perfusion and left ventricular ejection
fraction (LVEF), it can also provide an assessment of
LV mechanical dyssynchrony (LVMD).'*!" LVMD is

associated with inefficient cardiac contractility, remod-
eling, heart failure, arrhythmias, and death.'? Multiple
studies have demonstrated that the presence of LVMD
on phase analysis of MPI provides prognostic data in
diverse populations including those with ESRD awaiting
RT."*2° In the current study, we examine the associa-
tion of LVMD on pre-transplant MPI with long-term
CVD mortality post RT.

METHODS

Patient Selection

We identified consecutive patients who underwent
RT at the University of Alabama at Birmingham
between 2008 and 2012 from our prospectively collected
database. This cohort has been previously described in
detail.® Of the 1,189 patients in the database, 370 did not
have an MPI during evaluation for RT, and we were
unable to perform phase analysis on 144 patients due to
improper image archiving or gating artifact. Thus, the
remaining 675 patients with phase analysis data from
MPI performed during evaluation for RT constituted the
cohort for the current study.

The study was approved by the institutional review
board and was performed in accordance with the ethical
standards laid down in the 1964 Declaration of Helsinki
and its later amendments.

Clinical Data

Patient demographics and clinical information such as
medication intake and comorbidities at time of RT evalu-
ation were obtained from chart review. Hypertension was
defined as systolic blood pressure > 140 mm Hg, or diastolic
blood pressure > 90 mm Hg or intake of anti-hypertensive
medications. Diabetes mellitus was defined as fasting blood
glucose > 126 mg/dL, or Alc > 6.5% or intake of
hypoglycemic agents or insulin. Dyslipidemia was defined
as elevated total cholesterol or low-density lipoprotein
levels beyond the values set by the National Cholesterol
Education Program (NCEP) Adult Treatment Panel (ATP)
I guidelines.”' Myocardial infarction was defined using the
Fourth Universal Definition of Myocardial Infarction.”
Patients were segregated based on whether they were on
dialysis at the time of evaluation for RT and the mode of
dialysis (hemodialysis or peritoneal dialysis) and on the type
of RT received (living or deceased donor).
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Stress MPI and Phase Analysis

Stress MPI was performed as part of RT evaluation
at the discretion of the clinical team. Gated Tc-99m
sestamibi single-photon emission computed tomography
MPI was performed using stress/rest or stress-only one-
day protocol according to the American Society of
Nuclear  Cardiology  guidelines as  previously
described.®**** Rest images were performed if the
stress images were abnormal or if there was uncertainty
in the interpretation of the stress images. Image inter-
pretation was performed in the absence of attenuation or
scatter correction. The presence and extent of perfusion
abnormalities was determined by a software program
(Corridor4DM) with visual supervision.25 MPI was
considered abnormal when there was a perfusion defect
involving more than 5% of LV myocardium or when
LVEF was less than 50%. The gated image datasets
were retrieved and processed for phase analysis by a
single investigator who was blinded to the clinical
characteristics of the patients (except for gender) and
their outcome as previously described. In brief, a three-
dimensional count distribution was extracted from each
of the LV short-axis datasets and submitted to a Fourier
analysis, generating a phase distribution (0° to 360°)
representing the onset of mechanical contraction span-
ning a duration of one R-R interval and displayed on a
histogram using a validated software program (Emory
Cardiac Toolbox). The LVMD indices derived from the
phase analysis include histogram bandwidth (BW),
standard deviation (SD), phase peak, phase skewness,
and phase kurtosis. Phase peak represents the peak of the
phase histogram. Phase SD is the SD of the phase
distribution, while BW comprises 95% of the phase
distribution. Phase skewness refers to the symmetry of
the phase histogram—a higher skewness indicates dis-
tribution more skewed to the right with a longer tail to
the right of the peak phase. Phase kurtosis accounts for
how peaked the distribution is."'

Outcomes

The primary outcome was CVD death after RT.
Outcomes were obtained from chart review, contacting
referring physicians, and using the Social Security Death
Index. The outcomes were adjudicated by a blinded
reviewer. When the cause of death was not known, it
was considered to be from CVD causes.

Statistical Analysis

Continuous data were expressed as median and
interquartile ranges (IQR) and compared using the
Mann—Whitney test. Categorical data were displayed
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as frequencies and percentages and compared using
Pearson’s Chi-square test. Kaplan—Meier survival curves
were constructed to evaluate cumulative event rates and
the log-rank test was used to assess for differences
between groups. Patients were categorized into groups
based on cut-offs for phase BW (> 56°) and SD (> 21°)
based on a previous study that assessed the prognostic
value of these parameters in patients with ESRD.'?
Since we are not aware of prior data with phase
skewness and outcomes in this population, we divided
the cohort based on median skewness. Outcome analysis
treated the date of RT as ‘‘time 0.”” Follow-up time was
defined by a qualifying event or last event-free encoun-
ter up to June 16, 2016. Cox proportional hazards
models were used to estimate the unadjusted, age- and
gender-adjusted, and multivariate-adjusted hazard ratios
(HRs) and 95% confidence intervals (CIs) for CVD
death for the different LVMD parameters expressed as
continuous variables. For the multivariate model, we
adjusted for wvariables that were different between
patients who had or did not have CVD death after renal
transplantation (P < 0.1 in Table 2). The proportional
hazards assumption with respect to Cox-regression
modeling was confirmed using ‘‘log minus log’’ sur-
vival plots. To test for incremental value of LVMD
indices, nested Cox models were performed with and
without these indices; the increase in Chi-square value
was then reported and the corresponding P value up to
1° of freedom was obtained. All tests were 2-tailed, and
a P value < 0.05 was considered statistically significant.
All statistical analyses were carried out with SPSS
Statistics version 25 (IBM, Inc., Armonk, NY).

RESULTS

The baseline characteristics of the study cohort are
shown in Table 1. Notably, the median age at transplant
was 54 years and the majority of participants were male
(56%). As expected in patients undergoing RT, the
prevalence of comorbidities including hypertension,
hyperlipidemia, and diabetes mellitus was high. How-
ever, only a small subset of patients had a history of
prior myocardial infarction (7%). A good proportion of
the patients were receiving cardiac medications as can
be expected from their co-morbidity profile and more
than one in every four patients were on insulin therapy.
Most patients were on dialysis while awaiting RT. RT
occurred at a median of 1.5 years (IQR 0.6 to 4 years)
from the time of MPI. Around one-third of the patients
received a living RT.

The cohort had a median (IQR) phase SD of 14°
(11-19°), BW of 41° (31-53°), peak of 140° (126-155°),
skewness of 3.9 (3.4-4.5), and kurtosis of 17 (12-23).
Phase SD, BW, skewness, and kurtosis were highly
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Table 1. Baseline characteristics stratified by phase analysis parameters

All BW < 56° BW > 56° P SD <21° SD=121° P
(n=675) (n=541) (n=134) value (n=549) (n= 126) value

Demographics
Age at transplant, 54 (47-62) 55 (47-62) 53 (45-60) 0.07 55 (48-62) 51 (45-59) 0.001
years, median

Ql, Q3)

Male gender 377 (56%) 283 (52%) 94 (70%) < 0.001 296 (54%) 81 (64%) 0.04
Comorbidities

Diabetes mellitus 287 (43%) 225 (42%) 62 (46%) 0.3 226 (41%) 61 (48%) 0.2

Hypertension 656 (97%) 524 (97%) 132 (99%) 0.4 532 (97%) 124 (99%) 0.6

Hyperlipidemia 314 (47%) 252 (47%) 62 (46%) > 0.9 256 (47%) 58 (46%) >0.9

Prior myocardial 44 (7%) 32 (6%) 12 (9%) 0.2 34 (6%) 10 (8%) 0.4

infarction

Cerebrovascular 65 (10%) 52 (10%) 13 (10%) > 0.9 53 (10%) 12 (10%) >0.9

accident

Current tobacco 93 (14%) 70 (13%) 23 (17%) 0.2 74 (14%) 19 (15%) 0.7

Prior tobacco 248 (37%) 198 (37%) 50 (37%) > 0.9 205 (37%) 43 (34%) 0.5
Dialysis 0.5 0.3

None 107 (16%) 83 (15%) 133 (16%) 80 (15%) 27 (21%)

Hemodialysis 472 (70%) 377 (70%) 570 (70%) 388 (71%) 184 (67%)

Peritoneal 92 (14%) 81 (15%) 116 (14%) 81 (15%) 15 (12%)

Years of dialysis, 3.4 (0.9-6.7) 3.5 (0.9-6.7) 3.2 (0.8-6.0) 0.4 3.6 (1.1-6.7) 2.7 (0.3-6.6) 0.07
median (Q1, Q3)

Donor type 0.2 >0.9
Living 230 (34%) 191 (35%) 39 (29%) 188 (34%) 42 (33%)
Cadaveric 445 (66%) 350 (65%) 95 (71%) 361 (66%) 84 (67%)

Medications
Pre-transplant

Aspirin 194 (29%) 153 (28%) 41 (31%) 0.7 158 (29%) 36 (29%) >0.9
Statin 287 (43%) 232 (43%) 55 (41%) 0.7 237 (43%) 50 (40%) 0.5
Insulin 178 (27%) 138 (26%) 40 (30%) 0.3 136 (25%) 42 (33%) 0.06
Beta-blocker 376 (56%) 294 (55%) 82 (61%) 0.2 300 (55%) 76 (60%) 0.3
Angiotensin 283 (42%) 232 (43%) 51 (38%) 0.3 231 (42%) 51 (41%) 0.8
converting

enzyme

inhibitor/

angiotensin
receptor blocker

Calcium channel 297 (44%) 246 (46%) 51 (38%) 0.1 245 (45%) 52 (41%) 0.5
blockers

MPI findings
Normal MPI* 532 (79%) 456 (84%) 76 (57%) < 0.001 457 (83%) 75 (60%) <0.001
Myocardial 60 (9%) 40 (7%) 20 (15%) 0.01 42 (8%) 18 (14%) 0.02
perfusion
abnormality
Abnormal LVEF 100 (15%) 50 (9%) 50 (37%) < 0.001 57 (10%) 43 (34%) <0.001
(<50%)

*Normal myocardial perfusion and LVEF
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Table 2. Baseline characteristics stratified by CVD death after transplantation

All No CV death CV death P
(n = 675) (n = 610) (n = 59) value
Demographics
Age at transplant, years, median (Q1, Q3) 51 (41-60) 54 (46-61) 58 (52-63) 0.008
Male gender 377 (56%) 342 (56%) 35 (59%) 0.6
Comorbidities
Diabetes mellitus 287 (43%) 253 (41%) 34 (58%) 0.02
Hypertension 656 (97%) 98 (97%) 58 (98%) >0.9
Hyperlipidemia 314 (47%) 293 (48%) 21 (36%) 0.1
Prior myocardial infarction 44 (7%) 40 (7%) 4 (7%) 0.8
Cerebrovascular accident 65 (10%) 59 (10%) 6 (10%) 0.8
Current tobacco 93 (14%) 84 (14%) 9 (15%) 0.7
Prior tobacco 248 (37%) 224 (36%) 24 (41%) 0.6
Dialysis 865 (83%) 118 (80%) 0.2
None 107 (16%) 100 (16%) 7 (12%)
Hemodialysis 472 (70%) 425 (69%) 47 (80%)
Peritoneal 92 (14%) 91 (15%) 5 (9%)
Years of dialysis, median (Q1, Q3) 3.4 (0.9- 3.2 (0.9-6.6) 4.4 (2.8-7.1) 0.04
Donor type 0.004
Living 230 (34%) 220 (36%) 10 (17%)
Deceased 445 (66%) 396 (64%) 49 (83%)
Medications pre-transplant
Aspirin 194 (29%) 174 (28%) 20 (34%) 0.4
Statin 287 (43%) 265 (43%) 22 (37%) 0.4
Insulin 178 (27%) 158 (26%) 20 (34%) 0.2
Beta-blocker 376 (56%) 341 (56%) 35 (59%) 0.7
Angiotensin converting enzyme inhibitor/ 283 (42%) 256 (42%) 27 (46%) 0.6
angiotensin receptor blocker
Calcium channel blockers 297 (44%) 273 (45%) 24 (41%) 0.6
MPI findings
Normal MPI* 532 (79%) 492 (80%) 40 (68%) 0.04
Myocardial perfusion abnormality 60 (9%) 55 (9%) 5 (9%) >0.9
Abnormal LVEF (<50%) 100 (15%) 85 (14%) 15 (25%) 0.02

linearly correlated (R values ranging from a low of 0.306
for SD and kurtosis, to a high of 0.929 for SD and BW,
and 0.967 for skewness and kurtosis, all P values <
0.05). A phase SD > 21° was present in 126 (19%)
patients and BW > 56° in 134 (20%) patients. The
distribution of the baseline characteristics according to
these LVMD parameters are shown in Table 1. Patients
with LVMD were more likely to be men, younger in
age, and have abnormal MPI but the other baseline
characteristics were not statistically different between
the two groups.

During a median follow-up time after RT of 4.7
years (IQR 3.5 to 6.3 years), 59 patients (9%)

succumbed to CVD death. The baseline characteristics
stratified by CVD death are shown in Table 2. Patients
who experienced a CVD death were older, more likely
to have diabetes, were on dialysis for a longer period of
time prior to RT, were more likely to have received a
deceased vs. a living donor transplant, and more likely
to have abnormal MPI. The LVMD parameters accord-
ing to whether the patients experienced CVD death are
shown in Table 3. Patients who died from a CVD cause
had a wider BW, lower skewness and kurtosis, and
borderline wider SD. On Kaplan—-Meier analysis,
patients with wider BW (Figure 1A), wider SD
(Figure 1B), lower skewness (Figure 1C), and lower
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Table 3. Phase analysis parameters stratified by CV events

No CV death (n = 6106) CV death (n = 59) P value

Phase BW 41 (31-52) 45 (33-67) 0.04
Phase SD 14 (11-18) 15 (11-23) 0.05
Phase peak 140 (127-155) 138 (123-149) 0.5
Phase Skewness 4.0 (3.4-4.6) 3.7 (3.2-4.2) 0.004
Phase Kurtosis 17 (12-24) 14 (10-20) 0.01
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Figure 1. Impact of phase analysis parameters by SPECT MPI performed for RT evaluation on
CVD mortality after RT. Kaplan—-Meier survival plots stratified by A phase bandwidth, B standard

deviation, C skewness, and D kurtosis.

kurtosis (Figure 1D) had an increased risk of CVD
death. A wider BW was associated with worse outcomes
in patients irrespective of whether they received a
deceased or living donor transplants, and whether they
had been on dialysis for less than or more than 3.5 years
(Figure 2). When analyzed as continuous variables, the
LVMD parameters were associated with worse out-
comes on unadjusted and age and gender adjusted
analysis (Table 4). On multivariate adjustment, BW and
skewness remained as independent predictors of CVD
death, whereas the association with kurtosis (P = 0.054)

and SD (P = 0.08) became non-significant (Table 4).
Both phase skewness and BW added incremental prog-

nostic value with the increase in chi-square from 29 to
34 (P = 0.02) and 35 (P = 0.01), respectively.

DISCUSSION

The main finding of our study is that LVMD
parameters derived from phase analysis of gated SPECT
MPI performed during the evaluation for RT is associ-
ated with CVD death after transplantation. These data
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Figure 2. Impact of LVMD (assessed by bandwidth on phase histogram) on CVD mortality in

patients receiving A deceased donor or B living donor kidney, and whether they have been on
dialysis for C less than or D more than 3.5 years prior to RT.

Table 4. Hazard ratio for CV death after renal transplantation for phase analysis parameters

P Adjusted for Age and P Multivariate P
Unadjusted value gender value adjusted value
Phase BW 1.010 (1.003- 0.003 1.012 (1.005-1.019) 0.003 1.008 (1.001-1.016) 0.03
1.017)
Phase SD 1.024 (1.005- 0.01 1.025 (1.008-1.042) 0.005 1.017 (0.998-1.037) 0.08
1.043)
Phase Peak  0.999 (0.988- 0.8 1.002 (0.991-1.013) 0.8 1.001 (0.990-1.012) 0.9
1.009)
Phase 0.621 (0.452- 0.003 0.600 (0.431-0.834) 0.002 0.680 (0.486-0.952) 0.02
Skewness 0.853)
Phase 0.958 (0.926- 0.01 0.956 (0.923-0.990) 0.01 0.967 (0.934-1.001) 0.054
Kurtosis 0.991)

Multivariate model adjusted for age, diabetes, years on dialysis, living donor, and abnormal MPI. Statistically significant
associations are shown in italicized bold font

extend the prognostic value of LVMD parameters to the process. Importantly, these data are incremental to what
post-RT population and enhance the risk stratification is currently used for risk stratification and can be derived
capability of MPI performed during the RT evaluation
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from routinely performed MPI without the need for
introducing additional testing.

Gated SPECT MPI has been shown to be an
excellent tool for identifying patients with LVMD.?%2
LVMD is reflective of structural, electrical, and mechan-
ical processes that occur at the myocardial, cellular, and
molecular levels.'> LVMD has been linked to LV
hypertrophy and fibrosis which are common in patients
with ESRD.?® Indeed, patients with ESRD have been
shown to have evidence of LVMD by MPL*"" In
accordance with this, the median phase SD and BW in
our study were higher than, and skewness and kurtosis
lower than, what has been reported in normal popula-
tions which is consistent with the presence of LVMD in
our patients.10 LVMD parameters derived from MPI
associate with CVD outcomes in patients with coronary
artery disease,'*!” heart failure,'>'%'®1° and the general
population.”” In a cohort of 828 ESRD patients who
were being evaluated for RT, we previously demon-
strated that LVMD on MPI (reflected by phase BW >56°
or SD >21°) correlated with lower 5-year survival.'?
This association was independent of other factors
including traditional findings on MPIL In the current
study, we examined the outcome of patients who
underwent RT. RT is associated with improved survival
and quality of life compared to dialysis and therefore
data derived in ESRD patients may not apply after RT.?!
In this regard, we have recently shown that while LVEF
and electrical repolarization (QT interval on electrocar-
diography) improve with RT, LVMD parameters are
unaltered.>? Thus, our current finding that LVMD
assessed on MPI pre-RT associates with worse CVD
outcomes after RT is consistent with the literature.

CVD is the leading cause of death after RT.
Patients with RT are known to have higher prevalence of
coronary artery disease risk factors and are at increased
risk of coronary events.>*** Manifestation of CVD in
the RT population is not limited to coronary artery
disease, but also includes arrhythmia and sudden cardiac
death.* While the etiology of sudden cardiac death in
patients with RT is not well defined, it is believed to be
related to a complex interplay between myocardial
remodeling, electrical remodeling, autonomic dysfunc-
tion, inflammation, hemodynamic factors, and
electrolyte disturbances.”® Many of these factors can
adversely impact LVMD. We have previously demon-
strated that LVMD is independently associated with
potential sudden cardiac death events in 917 patients
with heart failure and reduced LVEF.'® While it is
plausible that LVMD is associated with increased risk of
sudden cardiac death in patients after RT, it is not
possible to evaluate that in our study and this will need
to be evaluated in future prospective studies.

Morgan et al. 2903
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We evaluated LVMD using an automated software
that determines the onset of mechanical contraction
based on Fourier analysis as previously described.'’ In
addition to being automated, this technique has been
shown to have high reproducibility and repeatability.®’
The application of this field to clinical care, therefore,
requires only a software program that can assess phase
analysis and basic quality control measures. Most prior
studies discussed above used BW and SD as the LVMD
parameters when evaluating prognosis. Our study con-
firmed, in a unique population of RT recipients, the
prognostic value of these parameters. Using cut-off
values from a prior study in ESRD, we reported a 2-fold
increased risk for patients with wider phase distribution
(comparable hazard ratios for phase BW > 56° and SD
> 21°). We have further found that phase kurtosis and
skewness are also associated with increased risk. Our
analysis indicates that skewness may be an important
prognostic indicator in ESRD patients who underwent
RT. Since there is scant data on skewness in other
populations, we are not able to conjecture whether this is
unique to patients post RT or more broadly generaliz-
able, but it is certainly worth investigating in future
studies.

To the best of our knowledge, our study is the first
to evaluate the prognostic value of LVMD by phase
analysis of MPI in patients after RT. However, we
acknowledge several limitations. First, this is a retro-
spective study from a single tertiary care center and
therefore suffers from the usual limitations of similar
studies including selection and referral bias. Second, we
were unable to include a subset of the MPI studies for
phase analysis (inability to locate the study, improper
image archiving or gating artifact) further contributing
to selection bias. Third, we evaluated LVMD at one
point in time prior to RT. Whether changes in LVMD
parameters prior to or after RT impact CVD outcomes
cannot be determined from our study.

NEW KNOWLEDGE GAINED

The presence of LVMD by phase analysis of gated
SPECT MPI performed for RT evaluation is associated
with increased risk of CVD death after RT. This
association is independent of demographics, comorbidi-
ties, and traditional findings on MPI and added
incremental prognostic information. Routine assessment
of LVMD should be considered for risk stratification in
these patients.
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