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ARTICLE INFO ABSTRACT
Keywords: Background: Red blood cell distribution width (RDW) is calculated in every blood count test and reflects vari-
Aortic stenosis ability in erythrocyte size. High levels mirror dysregulated erythrocyte homeostasis and have been associated
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with clonal hematopoiesis as well as higher mortality in several conditions.

We aimed to determine the impact of preprocedural RDW levels on functional outcomes after transcatheter aortic
valve implantation (TAVI).

Methods: In this single-center retrospective study, we analyzed 176 consecutive patients receiving TAVI between
2017 and 2021. RDW upper limit of normal was < 15 %. Patients were stratified according to preprocedural
RDW as having normal or elevated values. We assessed all-cause-mortality and a composite endpoint comprising
cardiovascular/ valve-related mortality and cardiovascular, valve-related and heart failure hospitalization at 1
year.

Results: 43 patients (24.4 %) had RDW > 15 %. There were significant baseline differences between groups
(Society of Thoracic Surgeons — Predicted Risk of Mortality score 3.18 %[interquartile range 1.87-5.47] vs. 6.63
%[4.12-10.54] p < 0.001; hemoglobin 13.2 g/dL[11.8-14.1] vs. 10.4 g/dL[9.8-12.2], p < 0.001, RDW-normal
vs. RDW-high, respectively). Age was not distinct (80.2 years [77.5-84.1] vs 81.2[71.3-84.7], p = 0.78). 1-year-
all-cause mortality was not different (7.9 % vs. 9.4 %, p = 0.79). The RDW-high group showed markedly higher
NT-proBNP levels after 1 year (647 ng/ml[283-1265] vs. 1893 ng/ml[744-5109], p = 0.005), and experienced
more clinical endpoints (hazard ratio 2.57[1.28-5.16] for the composite endpoint, p = 0.006). RDW remained an
independent predictor of the composite endpoint when accounting for all baseline differences in multivariable
regression.

Conclusion: Elevated preprocedural RDW identifies patients at risk for impaired functional outcome after TAVI
and may represent a useful low-cost parameter to guide intensity of outpatient surveillance strategies.

1. Introduction intermediate or low surgical risk [1]. In a relevant proportion of pa-
tients, however, TAVI fails to improve heart failure symptoms or overall

Transfemoral transcatheter aortic valve implantation (TAVI) is the quality of life and must be considered futile [2]. Although parameters
treatment of choice for patients with severe aortic stenosis older than 75 such as preexisting cardiac damage [3], chronic obstructive pulmonary
years or at high surgical risk and may also be performed in patients with disease [4] or some measures of impaired physical performance [5] may
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Thoracic Surgeons — Predicted Risk Of Mortality; TAVI, Transcatheter Aortic Valve Implantation; VARC —3, Valve Academic Research Consortium.
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predict futility to some extent, research into predictors of insufficient
functional recovery after TAVI is still ongoing.

Red cell distribution (RDW) reflects variability in size of circulating
erythrocytes, with high levels mirroring dysregulated erythrocyte ho-
meostasis with either prolonged red blood cell survival or impaired
erythropoiesis. While traditionally, RDW is a parameter routinely used
in the differential diagnosis of anemia, further relevance for the devel-
opment of myeloid neoplasm [6,7] as well as their prognosis [8] became
increasingly evident. High levels have also been associated with all-
cause death and heart failure hospitalization in patients with chronic
heart failure [9,10] and after acute myocardial infarction [11], and with
a composite of all-cause mortality and non-fatal myocardial infarction in
patients with chronic coronary syndromes [12]. Elevated RDW at the
time of TAVI is associated with increased all-cause mortality in elderly
very-high-risk- [13] and high-risk [14]-patients. In intermediate-risk
cohorts, RDW might also be elevated, but has, to the best of our
knowledge, not been evaluated to date.

Pathophysiologically, elevated RDW may indicate a variety of
pathological processes, such as inflammatory stress, hepatic congestion,
impaired iron mobilization or undernutrition [10,15]. While these
processes may be difficult to quantitate, RDW is routinely determined in
every full blood count.

The value of RDW as a low-cost and readily available parameter to
predict functional improvement after transfemoral TAVI has not been
evaluated to date. We sought to determine whether elevated RDW also
allows the identification of patients at risk for shorter survival, worse
functional status, and hospitalizations after TAVI in a contemporary
cohort. To the best of our knowledge, this is the first evaluation of the
predictive utility of RDW in an intermediate risk cohort.

2. Methods
2.1. Patient cohort

We analyzed consecutive patients receiving transfemoral TAVI for
calcific aortic stenosis via our center between June 2017 and December
2022. Baseline characteristics, procedural data and outcome data were
retrospectively collected from patient records and telephone interviews.
Clinical follow-up evaluations were performed after 1, 6 and 12 months
and once a year thereafter. The study was approved by our institutional
ethical review board.

We analyzed consecutive patients receiving transfemoral TAVI for
calcific aortic stenosis via our center between June 2017 and December
2022. Baseline characteristics, procedural data and outcome data were
retrospectively collected from patient records and telephone interviews.
Clinical follow-up evaluations were performed after 1, 6 and 12 months
and once a year thereafter. The study was approved by our institutional
ethical review board.

Presence of comorbidities was defined according to Society of
Thoracic Surgeons- Predicted Risk of Mortality (STS-PROM) score, and
STS-PROM and EuroSCORE-II were calculated as recommended in cur-
rent guidelines [1]. Gender was self-reported. Stroke volume index was
determined by echocardiography and using the body surface area as
determined by the DuBois formula. Glomerular filtration rate was
calculated using the Chronic Kidney Disease-Epidemiology Collabora-
tion (CKD-EPI) formula.

RDW was routinely determined during full blood count analysis as
part of the preprocedural workup within three weeks before valve im-
plantation. RDW is calculated as standard deviation of red blood cell
volumes, divided by mean corpuscular volume and then multiplied by
100 to express as a percentage [16]. A RDW of less than 15 % is within
normal range at our institution. Hence, patients were stratified as having
normal (<15 %) or elevated (>15 %) RDW.
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2.2. Endpoints

Our primary endpoint was a composite of cardiovascular or valve-
related death and cardiovascular, valve-related and heart failure-
related hospitalization. Cause of death was adjudicated as valve-
related, cardiovascular or non-cardiovascular and hospitalization was
determined to be valve-related, heart failure related, of other cardio-
vascular origin or non-cardiovascular according to Valve Academic
Research Consortium —3 (VARC-3) [17] with heart failure related hos-
pitalization reported as separate category. Periprocedural events and
composite endpoints of ‘technical success’ and ‘early safety’ were also
adjudicated according to VARC-3.

2.3. Statistical analysis

Statistical analysis was performed using SPSS Statistics version 22.0
(IBM Corporation, Armonk, NY, USA). Characteristics of both groups are
reported as absolute and relative frequencies for categorical variables
and median and interquartile range for ordinal and continuous vari-
ables. Denominator of proportions may differ because of missing values
which were not imputed. Categorical variables were compared by y2-
test. Continuous variables were assessed for distribution normality by
Shapiro-Wilk test, and as normal distribution was not present, compared
by Mann-Whitney test. Comparison between NT-proBNP values before
TAVI and at 1 month and 12 months after TAVI were performed by
Wilcoxon’s signed rank test. Survival and incidence of composite end-
points were plotted by Kaplan-Meier method and compared by Log-Rank
test. To prevent bias in this retrospective analysis, we built multiple Cox
regression models, starting with baseline traits which were significantly
different between patients with RDW < 15 % and patients with RDW >
15 %. Variables reaching p < 0.1 were entered into a multivariate Cox
regression model. Age was forced into the model. Backward selection by
change of likelihood ratio after removal of the respective variable was
used as criterion for the variable to remain in the model. We defined
significance level at 5 % for two-tailed testing.

3. Results

Between June 2017 and December 2021, 176 patients (38.1 % fe-
male, median age 80.4 years, Interquartile range [IQR] 77.0 — 84.5)
received transfemoral TAVI. All had baseline RDW levels available.
Median preprocedural RDW was 13.9 % (IQR 13.1-14.9), and 24.4 % of
patients (n = 43) had RDW of 15 % or above (RDW-high). Median
follow-up was 688 days (IQR 390 — 1094 days). Follow-up at 1 year was
available for 88.1 % of patients (n = 155; RDW-normal: n = 117 [88.0
%]; RDW-high: n = 38 [88.4 %]).

3.1. Clinical characteristics

Baseline characteristics of patients according to RDW are reported in
Table 1. Patients were at low to intermediate operative risk (STS-PROM
4.0 % [IQR 2.1-6.8], EuroSCORE-II 3.8 % [IQR 2.2-6.8]). 35.8 % of
patients (n = 64) had diabetes, 49.7 % (n = 86) had coronary artery
disease and 72.2 % (n = 125) were in New York Heart Association
(NYHA) functional class III or IV.

Patients with preprocedural RDW > 15 were significantly more often
female (n = 43, 32.3 % vs. n = 25, 58.1 %, p = 0.004) and had signif-
icantly higher operative risk as determined by STS-PROM (3.18 % [IQR
1.87-5.91] vs. 5.52 % [IQR 3.5-7.86], p < 0.001) and EuroSCORE-II
(3.51 % [IQR 2.43-5.91] vs. 5.52 [IQR 3.5-7.86], p = 0.002). In
contrast, age and echocardiographic features did not differ significantly
between groups (Table 1). Preprocedural hemoglobin concentration
(13.2g/dL[IQR11.8-14.1] vs 10.4 g/dL [IQR 9.8-12.2], p < 0.001) and
glomerular filtration rate (55.5 ml/min [IQR 39.0-67.5] vs. 41.0 [IQR
20.7-59.6], p = 0.003) were significantly lower in the RDW-high group.
Parameters of iron and folate metabolism were only available in a
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Table 1
Title: Baseline characteristics.
RDW < 15 % RDW > 15 % P
n =133 n=43
Clinical characteristics
Age; years 80.2 (77.5-84.1) 81.2 (71.3-84.7) 0.78
Sex; n male (%) 90 (67.7 %) 18 (41.9 %) 0.004
Body mass index; kg/m2 26.3 (24.2-29.7) 26.4 (22.9-33.5) 0.89
STS-PROM; % 3.18 (1.87-5.47) 6.63 (4.12-10.54) <0.001
EuroSCORE-II; % 3.51 (2.43-5.91) 5.52 (3.50-7.86) 0.002
Peripheral arterial 38 (28.6 %) 12 (27.9 %) 1
disease; n (%)
History of stroke; n (%) 16 (12.0 %) 5 (11.6 %) 1
Diabetes; n (%) 46 (34.5 %) 18 (41.9 %) 0.47
On oral medication; 28 (60.9 %) 5 (27.8 %)

n (%)

On insulin; n (%) 12 (26.0 %) 10 (55.6 %)

Coronary Artery Disease; 64 (48.1 %) 23 (53.5 %) 0.57
n (%)
1-vessel-disease; n 24 (18.1 %) 5 (11.6 %)

(%)
2-vessel-disease; n
(%)

26 (19.6 %) 10 (23.3 %)

3-vessel-disease; n 14 (10.5 %) 8 (18.6 %)
(%)
Atrial fibrillation; n (%) 52 (39.1 %) 25 (58.1 %) 0.04
Heart failure <0.001
NYHA L n (%) 12 (9.0 %) 1(2.3%)
NYHA II; n (%) 35 (26.3 %) 3 (7.0 %)
NYHA IIL; n (%) 65 (48.9 %) 19 (44.2 %)
NYHA IV; n (%) 21 (15.8 %) 20 (46.5 %)
Baseline echocardiography
Ejection fraction; % 55 (53-62) 55 (50-60) 0.40
Stroke volume index; ml/ 36.0 (28.6-45.0) 31.8 (24.6-44.1) 0.10
m2
Mean aortic valve 42.0 (34.0-50.0) 38.0 (31.0-47.0) 0.15
gradient; mmHg
Aortic valve area; cm? 0.8 (0.7-0.9) 0.8 (0.7-0.9) 0.85
Laboratory results at baseline
Hemoglobin; mmol/1 13.2 g/dL 10.4 g/dL <0.001
(11.8-14.1) (9.8-12.2)
Red blood cell count; 4.29 (3.92-4.67) 3.86 (3.36-4.38) 0.003
10%/ul
Thrombocyte count; 106/ 214 (170-263) 213 (185-258) 0.84
i
Leukocyte count; 10%/ul 7.6 (6.6-9.2) 8.1 (6.5-10.7) 0.51
NT-proBNP; pg/ml 1884.5 5802.5 <0.001
(944.3-3575.8) (2203.3-14470.3)
NT-proBNP; times ULN 3.63 (1,71-8.92) 7.86 (4.34-43.72) <0.001

Creatinine; pmol/1
GFR; ml/min

93.5 (79.5-125.0)
55.5 (39.0-67.5)

119.0(90.0-189.0)  0.01
41.0 (20.7-59.6) 0.003

Categorical variables are depicted n (%) and continuous variables are depicted
median (interquartile range). STS-PROM, Society of Thoracic Surgeons — Pre-
dicted Risk Of Mortality, NYHA, New York Heart Association, GFR, glomerular
filtration rate.

minority of patients but did not differ significantly between groups
(supplementary table S1). Mean corpuscular volume did not differ
significantly between groups (RDW-normal: 89.7 fl [IQR 86.6-92.7] vs
RDW-high: 88.9 fl [IQR 79.9-93.9], p = 0.16), but mean corpuscular
hemoglobin (RDW-normal: 1.89 pg [IQR 1.82-1.94] vs RDW-high 1.75
pg [IQR 1.61-1.88], p < 0.01) and mean corpuscular hemoglobin con-
centration (RDW-normal: 21.1 mmol/] [IQR 20.7-21.5] vs. RDW-high
20.0 mmol/1 [IQR 19.4-20.9], p < 0.001) were significantly lower in
the RDW-high group.

3.2. Procedural characteristics and outcomes

53.2 % of patients received balloon-expandable valves (Edwards
Sapien 3, n = 88 and Edwards S3 Ultra, n = 4), 46.2 % of patients
received self-expanding valves (Medtronic Evolut R, n = 54, Medtronic
Evolut Pro, n = 17, Symetis Accurate, n = 3, Accurate neo, n = 4, Ac-
curate neo2, n = 2) and 0.6 % of patients received mechanically
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expanded valves (Boston Scientific Lotus, n = 1). There were no sig-
nificant differences in the incidence of the VARC-3-defined periproce-
dural adverse events. The rates of technical success or early safety
(Supplementary table S2) were high in the total population (Technical
success n = 172, 97.7 %, early safety n = 130, 73.9 %) and did also not
differ significantly between patients in the RDW-normal and the RDW-
high group.

3.3. Mid-term outcomes according to RDW

At 1-year-follow-up, NYHA functional class and NT-proBNP were
significantly higher in patients in the RDW-high group (NT-proBNP
884.5 pg/ml [IQR 367.8-2099.5] vs. 1167.0 [IQR 320.5-3102.5] or
1.79 times ULN [IQR 0.79-3.76] vs. 2.36 times ULN [IQR 0.43-4.52],
respectively, p = 0.004, Fig. 1). Relative decrease of NT-proBNP did not
differ significantly between groups (at 1 month: RDW-normal: 35.0 %
[IQR 25.0 %-67.0 %] of the serum NT-proBNP concentration before
TAVI, RDW-high: 42.5 % [IQR 13.75 %-58.75 %] in the RDW-high
group, p = 0.79), and there was no significant change between 1
month and 12 months (RDW-normal: 48.1 % [IQR 11.2 %-94.1 %],
RDW-high: 46.2 % [IQR 23.7 %-78.3 %], p = 0.163 for comparison
between 1 and 12 months after TAVI, respectively, supplementary figure
S3). Hemodynamic performance of the valve prosthesis and left ven-
tricular ejection fraction did not differ significantly between groups
(Supplementary figure S4 A-D), however, stroke volume index and
markers of diastolic dysfunction differed significantly (Supplementary
figure S4 E-G).

All-cause mortality was low in the overall group and did not differ
significantly between groups (RDW-normal 7.9 % [n = 9] vs. RDW-high:
9.4 % [n = 3], p = 0.79). Cardiovascular and valve-related mortality
were also not significantly different (0.8 % [n=1]vs.2.3% [n=1],p=
0.40, respectively). However, incidence of the composite endpoint of
cardiovascular/ valve-related mortality and cardiovascular/ heart fail-
ure/ valve-related hospitalization was significantly higher in patients
with elevated RDW at baseline (RDW-normal: 15.3 % [n = 20] vs. RDW-
high: 33.3 % [n = 13], p = 0.006, Fig. 2).

3.4. Adjustment for differences in baseline characteristics

Multivariable Cox regression of all variables differing significantly
between preprocedural RDW groups was performed. In a multivariate
model accounting for differences in age, sex, STS-PROM, EuroSCORE-II,
incidence of atrial fibrillation, preprocedural hemoglobin, NT-proBNP,
mean corpuscular hemoglobin, mean corpuscular hemoglobin concen-
tration and GFR, RDW remained an independent predictor of the com-
posite endpoint (hazard ratio per percentage point RDW 1.33 [95 %
confidence interval 1.15-1.54], p < 0.001, hazard ratio for RDW-high
vs. RDW-normal: 2.57 [95 % confidence interval 1.28-5.16], p <
0.001, Table 2).

4. Discussion

To identify patients at risk for insufficient functional improvement
after TAVI remains an important issue. Although the association of
elevated RDW with all-cause death has been demonstrated for a variety
of cardiovascular conditions, e.g. heart failure [9,10], coronary artery
disease [11,12] and patients at very high operative risk after TAVI [13],
its connection to functional status is less clear. Our study identifies RDW
as a predictor of insufficient functional improvement after transfemoral
TAVI in a contemporary intermediate-risk cohort.

Technical success was high and periprocedural adverse events were
rare with no significant difference between RDW-normal and RDW-high
groups. Although there was no significantly higher mortality in patients
with elevated RDW, these patients had a higher incidence of the com-
posite endpoint of cardiovascular/ valve-related death and cardiovas-
cular, heart failure or valve-related hospitalization. Higher STS-PROM
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Fig. 1. Title: Heart failure status after 12 months. Caption: A, NYHA functional class at 12 months follow-up. B, NT-proBNP in pg/ml at 12 months follow-up.
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Fig. 2. Title: Incidence of composite endpoint. Caption: Incidence of composite
endpoint comprising cardiovascular/ valve-related death and cardiovascular/
heart failure-related/ valve-related hospitalization. HR, hazard ratio, CI, con-
fidence interval.

and EuroSCORE-II as well as higher serum creatinine and lower hemo-
globin levels at baseline in patients with high RDW signified that these
patients suffered from more severe comorbidities. Nonetheless, RDW
remained the only independent predictor of our composite endpoint in
multivariable analysis, suggesting additional and independent predic-
tive value.

4.1. Pathophysiological considerations

There has been some research into the pathophysiological relation-
ships between RDW and cardiovascular outcomes: As erythrocyte vol-
umes decrease across their lifespan, a higher RDW typically reflects
impaired erythrocyte homeostasis with either impaired erythropoiesis
or abnormally prolonged red blood cell survival [8]. This can be seen
with e.g. poor nutritional status, elevated levels of oxidative stress or a
proinflammatory state [16]. Anisocytosis, i.e. elevated RDW, and
consequent alterations to the erythrocyte membrane [18] have also been
implicated in actively promoting atherosclerosis [16] via intraplaque
hemorrhage and impaired blood flow in the microcirculation [18-20].

The importance of the presence of Clonal Hematopoiesis of Inde-
terminate Potential (CHIP), i.e. somatic mutations in genes recurrently
mutated in myeloid malignancies without a present overt hematologic

Table 2
Title: Multivariable analysis of predictors of composite endpoint.

Univariate analysis Multivariate analysis

HR (95 % CI) P HR (95 % CI) P

Age 0.99 (0.94-1.04) 0.68

Male sex 1.35 (0.65-2.85) 0.42

STS-PROM 1.07 (1.01-1.13) 0.02 0.23

EuroSCORE-II 1.068 (1.00- 0.04 0.82
0.1.14)

Atrial fibrillation 0.67

Hemoglobin baseline 0.14

Red blood cell count 0.94

NT-proBNP baseline 0.11

RDW baseline 1.33 <0.001 1.33 <0.001
(1.15-1.53) (1.15-1.53)

MCH baseline 0.15

MCHC baseline 0.60 (0.42-0.87) 0.006 0.18

GFR baseline 0.92

Stroke volume index 0.982 0.08 0.23

baseline (0.962-1.002)
E/E’ baseline 0.55
TRvmax baseline 0.94

HR, hazard ratio, CI, confidence interval, STS-PROM, Society of Thoracic Sur-
geons Predicted Risk Of Mortality, MCH, mean corpuscular hemoglobin, MCHC,
mean corpuscular hemoglobin concentration, GFR, glomerular filtration rate,
RDW, Red cell Distribution Width, TRvmax, maximum velocity of tricuspid
regurgitation by doppler echocardiography.

malignancy, has been thoroughly evaluated in hematological disorders
[21] Also, patients with CHIP have been shown to have an increased risk
of cardiovascular mortality independent of traditional risk factors,
[22,23] both generally and also specifically after TAVI [24]. Large scale
evaluation of CHIP significance is cumbersome due to costs and
complexity of sequencing. Notably, in large cohorts, all-cause mortality
was only significantly increased in patients with CHIP also having
elevated RDW, and carriers of CHIP were shown to have significantly
higher RDW [21].

4.2. Previous results

In previous works, very high- or prohibitive risk cohorts after TAVI
have been examined and both absolute preprocedural values
[13,14,25,26] as well as rise after TAVI [27] have been shown to predict
all-cause mortality. However, as RDW is elevated both in elderly people
and in a variety of serious conditions [10,15], and mainly all-cause
mortality was examined, clear attribution of the effect to
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cardiovascular events could not be demonstrated. Moreover, procedural
risk as determined by STS-PROM was higher than in our contemporary
cohort, probably because earlier device iterations possibly more prone
to bleeding complications [28] were used, and data on severity of heart
failure symptoms was not reported. In our cohort, albeit NT-proBNP was
reduced by TAVI in a comparable fashion in both groups, it was shown to
be significantly higher at follow-up in patients with elevated RDW and
NYHA class was worse. Persistently elevated NT-proBNP despite com-
parable prosthesis performance might reflect more severe cardiac
damage in RDW—high patients.

Moreover, our composite endpoint focused on cardiovascular events
and comprised hospitalization, which is especially important from a
patient perspective [29].

4.3. Clinical relevance

As RDW is automatically determined in every standard blood count,
it can be taken into account without additional effort. Provided that our
findings hold true after prospective validation, RDW could be of use
when counseling patients, planning the TAVI procedure and scheduling
follow-up visits: As functional recovery is a very important procedural
goal for patients [29], considering RDW might help when counseling
elderly patients on the decision to pursue either an interventional
approach or seeking best supportive care in advanced aortic stenosis.
When planning the procedure, patients with elevated RDW should be
monitored more closely, and seem to be less suitable for a ‘fast-track’
TAVI approach [30]. Most importantly, follow-up after TAVI should be
more closely in patients with elevated RDW to recognize signs of pro-
gressive heart failure as early as possible and to avoid hospitalizations
for decompensated heart failure.

4.4. Limitations

This paper has several limitations. First, sample size is relatively
small and single-centered, limiting our ability to generate a predictive
model. Second, CHIP status was not available in our cohort. Third, a
more detailed objective quantitation of heart failure symptoms, e.g. by
6-minute walking tests of Kansas City Cardiac Questionnaire would have
been helpful. Fourth, as RDW values differ among laboratory in-
struments [16], analysis in several centers is warranted.

5. Conclusion

To conclude, elevated preprocedural RDW is a useful parameter to
identify patients at risk for unsatisfactory functional outcome after TAVI
and seems to be an easily accessible and low-cost parameter to guide
intensity of outpatient follow-up. These results mandate evaluation in
larger cohorts and further research into the connection between hema-
topoiesis and cardiovascular outcomes.
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