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Abstract
Background. There is a risk of novel mutations of SARS-CoV-2 that may render COVID-19 resistant to
most of the therapies, including antiviral drugs. The evidence around the application of therapeutic
plasma exchange (TPE) for the management of critically ill COVID-19 patients is still provisional and
further investigations are needed to con�rm its eventual bene�cial effects.

Methods. We therefore carried out a single-centered retrospective observational non-placebo-controlled
trial enrolling 73 inpatients from Baqiyatallah Hospital in Tehran (Iran) with diagnosis of COVID-19
pneumonia con�rmed by real-time polymerase chain reaction (RT-PCR) on nasopharyngeal swabs and
high-resolution computerized tomography chest scan. These patients were broken down into two groups:
Group 1 (30 patients) receiving standard of care (corticosteroids, ceftriaxone, azithromycin, pantoprazole,
hydroxychloroquine, lopinavir/ritonavir); and Group 2 (43 patients) receiving the above regimen plus TPE
(replacing 2 liter of patients’ plasma by a solution, 50% of normal plasma and 50% of albumin at 5%)
administered according to various time schedules. The follow-up time was 30 days and all-cause
mortality was the endpoint.

Results. Deaths were 6 (14%) in Group 2 and 14 (47%) in Group 1. However, different harmful risk factors
prevailed among patients not receiving TPE rather than being equally split between the intervention and
control group. We used an algorithm of Structural Equation Modeling (of STATA) to summarize a large
pool of potential confounders into a single score (called with the descriptive name “severity”). Disease
severity was signi�cantly (Wilkinson rank sum test p-value=0.0000) lower among COVID-19 patients
undergoing TPE (median: -2.82; range: -5.18; 7.96) as compared to those non receiving TPE (median:
-1.35; range: -3.89; 8.84), con�rming that treatment assignment involved a selection bias of patients
according to the severity of COVID-19 at hospital admission. The adjustment for confounding was carried
out using severity as covariate in Cox regression models. The univariate Hazard Ratio (HR) of 0.68
(95%CI: 0.26; 1.80; p=0.441) for TPE turned to 1.19 (95%CI: 0.43; 3.29; p=0.741) after adjusting for
severity.

Conclusions. The lower mortality observed among patients receiving TPE was due to a lower severity of
COVID-19 rather than TPE effects. 

TRIAL REGISTRATION

IRCT registration number: IRCT20080901001165N58 (Iranian Registry of Clinical Trials)

Registration date: 2020-05-27, 1399/03/07 (retrospectively registered)

Introduction
COVID-19 is an asymptomatic disease in most cases, but some patients develop life-threatening disease
characterized by acute respiratory distress syndrome (ARDS), sepsis, multisystem organ failure (MOF),
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extrapulmonary manifestations, thromboembolic disease and associated cytokine release syndrome
(CRS) [1]. Although the pathophysiology of COVID-19 is far from being completely understood, the severe
form of the disease is generally believed to be correlated with over-release of proin�ammatory cytokines
(tumor necrosis factor, IL-6, and IL-1β), which cause strong in�ammation, endothelial injury, thrombotic
microangiopathy, multiorgan failure and eventually death [2–4]. The strict biological criteria to diagnose
the Cytokine Release Syndrome (CRS) associated with COVID-19 remain however poorly de�ned [5].

The lack of effective treatments against COVID-19 leads to a sense of urgency to develop new
therapeutic strategies based on pathophysiological assumptions, thus endorsing the hypothesis that
properly timed anti-in�ammatory therapeutic strategies could improve patients’ clinical outcomes and
prognosis [6]. The mortality risk associated with the above CRS is thought to increase with the
persistence of high blood concentration of cytokines over time, hence some therapeutic strategies
against critical COVID-19 are focusing on anti-cytokine treatments or immunomodulators [4, 7].

A nonpharmacological option to counteract the dysregulated proin�ammatory response featuring severe
COVID-19 could be represented by blood puri�cation techniques [6]. Therapeutic plasma exchange (TPE)
is an extracorporeal treatment performed by �ltrating a volume of plasma equivalent to the estimated
plasma volume that selectively removes circulating pathogenetic substances, such as auto-reactive
antibodies, immune complexes, paraproteins, lipoproteins, and in�ammatory mediators like cytokines.
TPE has been applied to manage different critical diseases - including the acute respiratory distress
syndrome (ARDS) [8], pneumonia and respiratory failure from H1N1 in�uenza A virus [9], Kawasaki
disease [10] and sepsis - effectively reducing the elevated levels of cytokines and in�ammatory
mediators, avoiding lethal complications as septic shock, pulmonary embolism, renal injury or
disseminated intravascular coagulation [2, 8, 10–12]. TPE as a remedy for the cytokine storm has also
already been used as a supportive treatment for critically ill COVID-19 patients [2, 8], especially among
those admitted to intensive care unit (ICU) [4].

Overall, TPE, which has been performed for over a century, has proved to be safe and effective in several
disorders [13]. However, TPE does not appear in the Coronavirus Disease 2019 (COVID-19) Treatment
Guidelines (major revisions on March 5, 2021 and February 23, 2021) issued by the National Institutes of
Health (14]. The effect of TPE has not been studied in patients infected with SARS-CoV-1 and MERS.

The risk of novel mutations rendering SARS-CoV-2 resistant to most therapies (including antiviral drugs)
might reduce the spectrum of drugs available for COVID-19. TPE can be considered as a salvage or
adjunctive treatment against severe COVID-19, with the rationale of clearing out the related cytokine
storm and possibly the viral load [15]. The application of TPE in COVID-19 patients is however still not
widespread and although limited case reports demonstrated a bene�cial effect, but prospective controlled
randomized clinical trials (RCT) are necessary to con�rm whether this effect could be attributable to TPE
administration [16].

In view of all the above, we investigated the effectiveness of TPE in a retrospective controlled non-
randomized trial on 73 COVID-19 hospitalized patients at Baqiyatallah Hospital in Tehran (Iran), using
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mortality as outcome and considering the number and timing of TPE administration along with the
severity of illness, ascertained by the heaviest oxygen support required and other relevant risk factors.

Material And Methods

Study design
This single-centered retrospective observational controlled - yet not randomized - study enrolled 73
inpatients from Baqiyatallah Hospital in Tehran (Iran),4 March and 20 May 2020. All patients with
respiratory symptoms were screened by clinical examination, real-time PCR (rT-PCR) on naso-pharyngeal
swabs and chest computerized tomographic (CT) scan to con�rm the diagnosis of COVID-19 pneumonia.

Clinical data collection
The following inclusion criteria were applied to recruit COVID-19 patients for this study:

age ≥ 20 years;

severe pneumonia (de�ned as tachypnoea (≥ 30 breaths per min), O2 saturation (SpO2) ≤ 90% at
rest on room air; or PaO2/FiO2 ratio < 300 mm Hg);

positive real-time rT-PCR (Throat-swab specimens) or typical COVID-19 pneumonia imaging at chest
CT scan, following WHO interim guidelines: evidence of severe pneumonia, patchy in�ltration, ground
glass opacities, ill-de�ned margins, smooth or irregular interlobular septal thickening, air
bronchogram, crazy-paving pattern and thickening of the adjacent pleura with severe involvement (> 
50%).

The following exclusion criteria were applied [17]:

non-severe COVID-19 patients,

MOF in COVID-19 patients.

Patients’ demographic and health data were extracted from medical records. All medical records were
screened by double opinion of two hospital doctors. Adjudication of any clinical interpretative diagnostic
difference was performed by a pulmonologist. Missing clinical data were �lled up by discussion with
health care staff.

According to above selection criteria, COVID-19 patients were broken down as shown in Fig. 1:

Group 1 (30 patients) received high doses of corticosteroids (methylprednisolone pulse, single daily
dose of 500 mg on day 1, 250 mg on day 2 and day3), ceftriaxone (1 gr twice a day), azithromycin
(500 mg/daily), pantoprazole (40 mg twice a day), hydroxychloroquine (200 mg/12 hours) and
lopinavir/ritonavir (200/50 mg tablets daily).
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Group 2 (43 patients) receiving the above regimen plus TPE, replacing 2 L of patients’ plasma by 1 L
of fresh frozen plasma plasma (FFP) and 1 L of a 5% albumin solution.

Ethical statement
This study was approved by the Ethical Committee of Baqiyatallah University of Medical Sciences
(IR.BMSU.REC.1398435; IRCT registration number: IRCT20080901001165N58; Registration date: 2020-
05-27) [17]. All ethical guidelines for studies on human subjects were carefully observed and informed
consent was obtained from study participants.

Variables
Risk factors. According to Centers for Disease Control and Prevention [18], older age, chronic obstructive
pulmonary disease, cardiovascular disease, type 2 diabetes mellitus; obesity, sickle cell disease, chronic
kidney disease, immunocompromised status and cancer are risk factors for severe Covid-19 [18]. We
considered these factors if they were actually found in the clinical records of the patients. We also
included in the statistical analysis additional conditions for which the data were unclear: co-morbidity
(grouping miscellaneous conditions); male sex (that is not currently included on the CDC list of risk
factors); type 1 diabetes mellitus; hypertension; and smoking. All the above risk factors were considered
dichotomous variables in the statistical analysis.

Criteria of classi�cation. In the present study COVID-19 patients were categorized according to death or
by TPE administration. For a same risk factor, we estimated the risk of death and/or the probability of
being assigned to TPE.

Oxygen support. The disease is a severe pneumonia limiting the gas exchange of lung. Rather than chest
CT scan imaging, we assumed as indicator of lung involvement the heaviest oxygen delivery support ever
administered. The variable was categorized as 0 (high-�ow nasal canula), 1 (noninvasive mechanical
ventilation) and 2 (invasive mechanical ventilation with intubation). The variable was treated as ordered
polytomous variable in the analysis.

TPE administration. Early initiation, duration and quantity of TPE could be related to better outcomes.
Hence, TPE administration was categorized according to days - ranging from 1 to 12 - of treatment start
since hospital admission, coding a new variable (timing) as follows:

0 (sample including the above Group 1);

1 (patients admitted to TPE on days 1 to 3);

2 (patients treated on day 4-5); and

3 (patients admitted to TPE 6 to 12 days since hospital admission).

We also coded a variable (n_treat) with 3 levels:
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0 (including the above Group 1),

1 (patients pertaining to Group 2 who underwent 1 to 4 sessions of TPE); and

2 (Group 2 patients with 5 TPEs).

The latent variable Severity. The latter is not an observed variable but is estimated by SEM program (see
below). As can be read in statistical package STATA 14 for SEM analysis, “a variable is latent if it is not in
your dataset but you wish it were. You wish you had a variable recording the propensity to commit violent
crime, or socioeconomic status, or happiness, or true ability, or even income. Sometimes, latent variables
are imagined variants of real variables, variables that are somehow better, such as being measured
without error. At the other end of the spectrum are latent variables that are not even conceptually
measurable”. Severity is a single score summarizing a large number of measured pretreatment covariates
that was particularly useful to adjust for confounders using Cox regression models (see below).

Descriptive analysis
The risk factors of 73 COVID-19 patients, broken down by vital status or TPE treatment, were reported in
rows and columns of table 1 to summarize the relationships among observations. At each row and
column interception, there were numbers and percentages of subjects having a given trait; the
denominator of the percentage was always 53 for patients survived, 20 for those deceased, 43 for
patients treated with TPE and 30 for those not undergoing TPE (“Total” in last row of table 1). Risk
factors for severe COVID-19 were mainly dichotomic variables (e.g., sex). Table 1 reports only one of the
two possible values, the other being easily calculated by subtraction using the total �gures (numbers) or
1.00 (percentages). Conversely, all the possible categories of polytomous variables (for example, oxygen
support) were reported in table 1. Besides numbers and percentages, table 1 displays the odds ratios
(OR), estimated with an exact method due to the relatively limited number of study subjects, with the 95%
con�dence interval (95%CI) and the two-tail p-value. By default, the conditional maximum likelihood
estimates were used in the OR estimation, except for those parameters (e.g., ICU admission) for which a
percentage was equal to 100% and the upper bound of 95%CI was in�nite. In such a case OR was
obtained by Median Unbiased Estimates (MUEs). OR is a measure of association between an exposure
and an outcome. The OR represents the odds that an outcome will occur given a particular exposure,
compared to the odds of the outcome occurring in the absence of that exposure. The outcome was
“death” in the analysis for columns 2 and 3, or “TPE treatment” for columns 5 and 6. The multiple
categories of polytomous variables were coded as ordinal variables (0, 1, 2, etc.) but were considered as
“continuous variables” in the context of exact regression analysis; therefore, only one OR was returned by
the statistical program.

A numerical value of Severity was estimated by SEM program for each patient. Multiple summary
statistics were calculated conditioned on a categorical variable that identi�ed two groups:
survived/deceased, or TPE treated/TPE untreated. The numerical statistics for Severity (min, max,
median, 25th and 75th percentiles) were reported in table 2, together with the Wilcoxon rank sum test for
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the equality of the median distribution across the two groups. The distribution of the score Severity score
was shown in �gure 2 incorporating various vertical lines to mark the median, min and max values of the
different samples.

Statistical analysis for assessing TPE effectiveness
The intervention (TPE) was not randomly allocated to study subjects. To rule out the possibility that any
threats were responsible for the observed treatment effect, we used a conceptual framework based on
knowledge of the relevant literature. We contrasted the two central aspects of the study: TPE therapy
(including number and timing of administration) and the latent variable Severity, using mortality as
outcome.

All the above assumption were converted into a SEM model. The STATA command syntax for the model
was:

sem (Severity -> age sex smoking diabetes hypertension co_morbidities oxygen_support) (mortality <-
Severity tpe n_treat timing), stand vce(oim)

“Severity” is capitalized because SEM program commands assume that variables are latent if the �rst
letter of the name is capitalized. In the �rst and second set of parentheses we speci�ed, respectively, the
estimations of the latent variable “Severity” (i.e., identi�cation of a plausible confounder) and the model
for the �nal outcome (i.e., adjustment by illness severity of the mortality associated with number and
timing of TPE treatment, and treatment as a whole). In STATA commands, “stand” speci�es that the
effects are expressed as standardized (or beta) coe�cients that make comparisons easy by ignoring the
independent variable’s scale of units, while “vce(oim)” is the default and speci�es how the standard errors
are calculated. We used two SEM goodness-of-�t statistics: (1) the chi square test for “model versus
saturated” (the saturated model is the model that �ts the covariances perfectly); and (2) the coe�cient of
determination (CD) that is like R2 for the whole model, a perfect �t corresponding to a CD of 1. SEM
results were both tabulated and presented graphically (see �gure 3).

The sample size required for SEM is dependent on model complexity. The best option is to consider the
model complexity (i.e., the number of exogenous variables) and the following rules of thumb: minimum
ratio 5:1, with a recommended ratio of 10:1, or a recommended ratio of 15:1 for data with no normal
distribution [19]. With four exogenous variables (tpe, n_treat, timing, Severity) used in the SEM model, we
should have a minimum of 20 (= 4 × 5) to a maximum of 60 (= 4 × 15) subjects; in total we reached 73
subjects with complete data, thus ful�lling these requirements.

Furthermore, to examine how the above factors in�uenced the rate of mortality happening at a particular
point in time, the survival analysis using the Cox proportional-hazards models was adopted. Since the
test “rho” of proportional-hazards assumption was not statistically signi�cant for each covariate and the
global test was neither statistically signi�cant (data not shown), we therefore started by computing
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univariate Cox analyses for all variables (overall TPE therapy, n_treat, timing, severity), then we �tted
multivariate Cox analysis using various models (with different numbers of covariates) to describe how
the factors jointly impacted on survival.

Assuming a HR of 0.4, the sample size for Cox proportional-hazard model was estimated to be 38.

Complete case analysis was adopted including all 73 patients. In all analyses 0.05 was set as threshold
of statistical signi�cance. All analysis were conducted with the statistical package STATA 14.

Results

Descriptive results
Table 1 reports under the heading “Distribution by vital status” the factors of interest in decreasing order
of OR value. O2 support was the most important factor associated with death from COVID-19; worth of
notice that no patient survived to invasive mechanical ventilation with intubation. Admission to ICU and
hospitalization longer than 20 days came as second and fourth relevant factors, but they were believed
collinear variables associated with oxygen support and no longer considered. Older age signi�cantly
 increased �ve times the risk of death. Diabetes and hypertension were found to double the risk of death
but the impact was not statistically signi�cant probably because of the few cases involved. Co-morbidity
(other than the above-mentioned disease) appeared to increase only slightly the risk of death. Male
gender and smoking did not play any role on mortality. The dichotomous variable “plasmapheresis” and
the polytomous variables “number of TPE” and “timing of TPE” consistently showed an important and
highly signi�cant protective effect, suggesting TPE as effective intervention protecting from death among
critically ill COVID-19 cases.

Data of the same patients, in the same order of risk factors, were reported in the last three columns of
table 1, under the heading “Distribution by treatment status”. Here the point of view was whether the
different harmful exposures were split equally between the intervention and control group or prevailed
somewhere. Table 1 shows that whenever an OR in the fourth column was higher than unity it was lower
than unity in the seventh column, suggesting that damaging factors prevailed among untreated patients.

Deaths were 6 (14%) in Group 2 and 14 (47%) in Group 1. However, the protecting effect of TPE could be
due to some confounding characteristics of groups being compared rather than TPE treatment itself. Low
frequencies and sparse data did not allow detecting a meaningful key of interpretation. Therefore, the
problem was analyzed with SEM, estimating the latent variable “Severity”.

The score test Severity, based on arbitrary units, had negative values indicating lower severity and
positive values suggesting higher severity of illness. As can be seen in �gure 2 Severity had a bimodal
distribution with local maximal values of two modes corresponding to the median value of survived and
deceased patients (red vertical lines in left graph). The graph of �gure 2 also shows that the lowest range
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of Severity in survivors (-1.18, blue dashed vertical line) did not overlap with the highest range of Severity
among deceased (5.66, black dashed vertical line).

Table 2 shows that the median Severity was 7.70 in survivors and -2.80 in non-survivors, a highly
signi�cant difference (z = -6.555; p = 0.0000). Moreover, the rank sum test of Wilcoxon proves that the
Severity medians (equal to -2.82 in treated patients and -1.35 in untreated patients) in treated and
untreated groups were signi�cantly different (z=4.552; p=0.000), even though the distributions were
overlapping, con�rming that selection for treatment involved a selection of patients for the initial severity
of COVID-19. 

Outcome results
SEM results are:

Structural equations. This includes the beta coe�cients (with a “minus” sign indicating an inverse
relationship), 95% con�dence intervals (95%CI) and p-values for each of two structural equation
models.

The standardized (beta) coe�cients for this measurement model can be interpreted as correlation
coe�cients describing the direction (positive or negative) and degree (strength) of relationship
between each indicator and the latent variable PAH.

The variability explained (1 – error) by the above �tting

SEM uses a set of concurrent regression equations to yield coe�cient estimators and the covariance
is a measure of cross-equation correlation.

Table 3 shows that, according to results of “Structural Equations”, death was due to Severity of disease
(beta coe�cient = 0.91; 95%CI: 0.63 to 1.20; and p=0.0005), not to number or timing of TPE treatment. As
shown in “Measurement” the latent variable Severity was mainly correlated with oxygen delivery methods
(beta coe�cient = 0.75; 95%CI: 0.57 to 0.93; p=0.0005) and age (beta coe�cient = 0.40; 95%CI: 0.16 -
0.44; p=0.005), while a non-signi�cant borderline result (p=0.061) was observed for diabetes. The
�ndings in the section “Covariances” demonstrated that Severity of disease was negatively correlated
with TPE as a whole (beta coe�cient = -0.42; 95%CI: -0.69; -0.134; p=0.003); number of treatment (beta
coe�cient = -0.39; 95%CI: -0.66 to -0.11; p=0.006) and timing of TPE (beta coe�cient = -0.40; 95%CI: -0.69
to -0.12; p=0.005), showing that treated subjects had initially a lower severity of disease. The seemingly
protective effect of TPE shown in Table 1 was therefore a selection bias.

Using the graphical interface of SEM, the same results of Table 3 were displayed as path diagram in
�gure 3. In this �gure, square boxes stand for variables, arrows specify the direction of causal �ow, an
arrowed route is a path and the cross-equation correlation is displayed as a curved path. The estimated
beta coe�cients with corresponding p-values appeared along the paths. The �gure is a useful synthesis
of the �ndings. It can be seen that: Severity is signi�cantly associated with O2 delivery (p=0.000) and age
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(p=0.002); there is a negative correlation between Severity and plasmapheresis (“tpe”, p=0.003), number
(“n_treat”, p=0.006) and timing (“timing”, p=0.005) of its administration; the impact on mortality (the
dependent variable “death”) was highest for Severity (beta coe�cient = 0.94; 95%CI: 0.61; 1.27; p=0.000)
and close to zero for plasmapheresis variables.

Table 4 shows the results of Cox proportional-hazard models, where quantities called hazard ratios (HR)
measure the impact (i.e., the effect size) of covariates.  When a HR is signi�cantly higher than unity (p =
0.007), severity decreases the length of survival and is a bad prognostic factor. The univariate HR of 0.68
(95%CI: 0.26; 1.80) for TPE turned to 1.19 (95%CI: 0.43; 3.29) after adjusting for severity. The increasing
HR for TPE administration going from univariate to multivariate analyses can be attributed to a
confounding effect of disease severity; i.e., the lower mortality observed among patients receiving TPE
was due to a lower severity of their disease rather than TPE effects. The same interpretation applies to
the parallel changes of number of TPE and timing of its administration.

Discussion
Key �ndings

This single-centered retrospective observational non-placebo-controlled trial enrolled 73 inpatients from
Baqiyatallah Hospital in Tehran (Iran) with diagnosis of COVID-19 pneumonia con�rmed by real-time
polymerase chain reaction on nasopharyngeal swabs and high-resolution computerized tomography
chest scan. These patients were broken down into two groups: Group 1 (30 patients) receiving standard
care (corticosteroids, ceftriaxone, azithromycin, pantoprazole, hydroxychloroquine,  lopinavir/ritonavir);
and Group 2 (43 patients) receiving the above regimen plus TPE (replacing 2 liter of patients’ plasma by a
solution, 50% of normal plasma and 50% of albumin at 5%) administered according to various schedules.
The time window of observation was 30 days and all cause mortality was the outcome. Deaths were 6
(14%) in Group 2 and 14 (47%) in Group 1. We used an algorithm of Structural Equation Modeling (STATA
software) to summarize a large pool of covariates into a single score (called with the descriptive name of
“severity”). Disease severity was signi�cantly (Wilkinson rank sum test p-value=0.0000) lower among TPE
treated (median: -2.82; range: -5.18; 7.96) compared to patients not treated with TPE (median: -1.35;
range: -3.89; 8.84). The adjustment for confounding was carried out using severity as covariate in Cox
regression models. The univariate HR of 0.68 (95%CI: 0.26; 1.80; p=0.441) for TPE turned to 1.19 (95%CI:
0.43; 3.29; p=0.741) after adjusting for severity. Thus, the lower mortality observed among patients
receiving TPE was due to a lower severity of their disease rather than TPE effects.

Limitations
All patients underwent measure of creatinine, blood urea nitrogen, white blood cells, lymphocytes,
neutrophils, hemoglobin, and platelet the day of hospital admission and on day 3, day 6, and last day of
hospitalization; whereas levels of c-reactive protein (CRP), lactate dehydrogenase, creatine
phosphokinase, erythrocyte sedimentation rate, alanine aminotransferase and aspartate transaminase

https://en.wikipedia.org/wiki/Lopinavir/ritonavir
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were assessed only the �rst and last day of hospital stay. By contrast, ferritin, d-dimers, serum il-6 level,
SOFA score and APACHE II score were not available. The latter parameters, together with PiO2/FiO2,
oxygen saturation, respiratory rate, lymphocyte count, neutrophil–lymphocyte ratio, CRP and lactate
dehydrogenase, have critical cutoffs for decision making onto whether initiating TPE in COVID-19
patients according to a group of physicians from different parts of the world with extensive expertise in
clinical apheresis and critical care [20]. Therefore, the diagnosis of CRS could be uncertain. However, the
lack of data cannot be a major limitation because, on one hand, assessing all parameters may not be
necessary to start, stop or refrain from TPE and single or multiple combinations of these parameters can
be used to assess eligibility for TPE and subsequent responses [20]; and, on the other hand, all 73
patients were affected by severe COVID-19 pneumonia with evidence of hypoxemia (respiratory rate >
30/minute or partial pressure of oxygen on arterial blood gas less than 80 mmHg or PaO2/FiO2 less than
300) and lung in�ltrates on more than 50% of the lung �eld, according to WHO criteria [21].

Interpretation
Illness Severity as a single summary score of a large number of covariates, a key topic of the present
study, was included in the statistical analysis to achieve several advantages.

First, confounding adjustment using regression methods, particularly nonlinear models such as Cox
regression models, requires su�cient number of outcome events (roughly 10 outcome events per
covariate) [22]. For example, to adjust for 5 confounders, one would need to have 5´10 = 50 outcome
events. In our study, however, outcome events, i.e., deaths, were only 20 (table 1).

Use of a summary score rather than a large number of measured pretreatment covariates avoids
over-�tting and collinearity issues in estimating treatment effects [23].

An alternative method to estimate a single summary of all covariates is propensity score matching
(PSM). If we �nd two individuals with the same propensity score, one in the treated group and one in
the untreated group, we can assume that these two individuals are more or less “randomly assigned”,
i.e., equally likely to be treated by TPE or not with respect to measured pretreatment characteristics
[24]. However, during matching procedure, the closest untreated and treated individuals are matched
and the remaining untreated individuals are excluded from the analysis [24]. Our study avoids
exclusion of unmatched individuals because the summary score Severity was included as a
covariate in a regression model on treatment, where mortality (outcome variable) was regressed
against TPE (treatment variable) and Severity (representing any threats for the observed effect)
(table 3 and 4).

As shown in table 3, Severity was correlated with maximum O2 delivery support (beta coe�cient=0.75;
95%CI=0.56-0.93); p=0.000); the higher the respiratory support, the higher the severity of disease, which in
turn was the only determinant of 30-day mortality in our patients affected by severe COVID-19
pneumonia. Deng et al [25], analyzing the clinical characteristics of survivors versus non-survivors of
COVID-19 in Wuhan (China), found that O2 saturation level among non-survivors (O2 sat: 85%; range:
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77%-91%) compared to survivors (O2 sat: 97%; range: 95%-98%) was signi�cantly lower (Z = 10.625; p <
0.001). Another striking �nding was that the lowest range of O2 saturation range in survivors (95%) did
not overlap with the highest range of O2 saturation among non-survivors (91%) [25]. The latter �ndings
agree with those of �gure 2, showing that the lowest range of Severity in survivors (-1.18, blue dashed
vertical line) did not overlap with the highest range of Severity among deceased (5.66, black dashed
vertical line). On the other hand, in a randomized controlled clinical trial on the use of TPE in patients with
life-threatening COVID-19 [5] HR for the partial arterial pressure of oxygen to fractional inspired
concentration of oxygen (PaO2/FiO2 ratio) was 0.98 (95%CI = 0.96-1.00) with p-value = 0.02 at Cox
proportional hazards multivariable regression model using 35-day mortality as outcome.

It has been reported that in patients affected by severe COVID-19 the cytokine storm was signi�cantly
higher around 7–14 days after the disease onset [26]. Thus, timely initiation of plasmapheresis within
this period could determine better health outcomes. It is also necessary to administer TP for the correct
duration and quantity to monitor the possible drug removal of speci�c therapies and to follow the
treatment outcome [27]. The effect of plasmapheresis in sepsis has shown that both the timing and
disease severity are important for the bene�cial effect of the procedure [28]. Therefore, we coded two
variables, one for number of treatments administered (n_treat) and another for timing of the �rst
administration (timing). Along with TPE treatment as a whole, these two variables were included in SEM
analysis, all of them showing to be negatively correlated with Severity (see “Covariances” in table 3). All
of them had no effect on survival of COVID-19 patients since the corresponding HR was not signi�cantly
different from 1.00 (table 4).

Generalizability
The current evidence on the effect of TPE in severe/critical COVID-19 was summarized by Lu [29]. Among
the 24 studies reviewed, 21 had a non-experimental design (case-reports or case series without controls),
in which the effectiveness of the intervention had been assessed by before-and-after comparison of
�ndings. TPE protocols were quite heterogenous, the treatment schedules ranging from one to nine
procedures, usually administered daily, but sometimes every other day. Fresh frozen plasma was
speci�ed as the replacement �uid for many, but not all studies. The duration of the procedure and plasma
volume exchanged were also variable. On the basis of these studies cannot be concluded that TPE is a
potential treatment for SARS-CoV-2 infection. According to Honore et al. [30], “we are unable to clearly
identify at the bedside which patients are in a pro-in�ammatory state that could kill them or an anti-
in�ammatory state that could help them to survive” and therefore “it is currently impossible when
employing an unselective removal technique to know if we are doing something good by removing an
excess of pro-in�ammatory mediators or something wrong by removing anti-in�ammatory mediators …
that could help patients to survive … TPE also has the potential to cause harm by diluting or attenuating
the protective antibodies formed by the patient to infection and depletion of immunoglobulins and
complement components 3 and 4”. The same topics along with new comments are reported in another
letter of Honore et al [31]: “Reduction in the plasma level of in�ammatory mediators via the use of TPE
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does not necessarily equate to an improvement in the septic status of the patient. It is simply an arti�cial
reduction, treating the numbers, so to speak. … the improvement can be rather due to the various
additional treatments that the patients received “. Lastly, according to Stahl et al [32] “we would be very
cautious in recommending TPE … as the procedure itself might remove critically important neutralizing
antibodies against SARS-CoV-2. We gained further insight that we would like to share, when we recently
performed rescue TPE in a life-threatening situation of a septic COVID-19 patient. We could not only
detect SARS-CoV-2-speci�c IgG and IgA antibodies in the waste bag plasma but did also reduce the
circulating amount of antibodies by one log step.”.

Out of 24 studies reviewed by Lu [29], 3 had a quasi-experimental design, using two groups of COVID-19
patients, either treated or untreated with TPE, in order to disentangle the effects of TPE from those of
additional treatments. A no signi�cant difference in all-cause mortality was reported by two [33, 34] of
three studies. The third study [35] is discussed below together with a similar study [36] found by us.

In both the latter studies, treatment assignment was a non-random procedure and pretreatment
characteristics of groups were not comparable. Nonetheless, direct comparison between treated and
untreated groups was carried out, �nding a signi�cant difference in mortality (p=0.037) in the study of
Gucyetmez [35] and in time for CRS resolution (p=0.04) in the study of Kamran [36]. These �ndings could
be explained by either the treatment, or pretreatment variables, or both. In order to form matched groups
of treated and untreated individuals with similar or comparable pretreatment characteristics, the
propensity score matching (PSM) was applied to both Gucyetmez [35] and Kamran [36] studies. After
PSM, the two matched groups (TPE and non-TPE) each of 45 patients [36] or 12 patients [35] had
comparable pretreatment characteristics and hence differences in the respective outcome became more
signi�cant (p=0.001 in the former and p=0.009 in the latter study). However, while in randomized
controlled trial (RCT), randomization ensures comparability in both measured and unmeasured
pretreatment characteristics, in PSM the comparability of the treatment groups is limited only to
measured pretreatment characteristics included in the propensity score model. In the study of Gucyetmez
[35] there were 18 patients treated and 35 patients untreated, becoming 12 in each group after PSM. In
Kamran [36] study the corresponding �gures were 71 (TPE), 209 (no-TPE) and 45 (after PSM). During
matching, the closest untreated and treated individuals are matched and the remaining individuals that
were not matched are excluded from the analysis. Exclusion of unmatched individuals from the analysis
not only affects the precision of the treatment effect estimate but also could have consequences for the
generalizability of the �ndings [37].

The last study [5], not examined by Lu [29] but found by us, is a prospective randomized controlled trial
(experimental design) based on the comparison of 43 TPE treated patients with 44 patients receiving only
the standard of care, all randomly selected among COVID-19 patients admitted to ICU. The use of
randomization gives the experimental design greater strength. We can be more certain that any
differences between the intervention group and the control group, with respect to the apparent effect of
the intervention, can be attributed to the intervention, and not to group differences. The statistical
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analysis using Cox regression models demonstrated that TPE did not signi�cantly affect 35-day
mortality, agreeing with the results of our present study.

Conclusions
In absence of su�cient data on proven e�cacy, the usefulness of TPE procedure in COVID-19 appears
questionable in the light of the considerations drawn by Patidar [20]:

“TPE is an expensive, time- and resource-intensive procedure not readily available everywhere,
especially in rural settings and low- and middle-income countries”.

“Adverse events of TPE (e.g., citrate toxicity, hypotension) may contribute to hemodynamic
instability”.

“Removing patient’s neutralizing antibodies or therapeutic drugs during TPE can possibly delay
recovery or reduce therapeutic benefit”.

“Using albumin or saline as a replacement fluid can increase risk of coagulopathy”.

“Instruments require decontamination if used for COVID patients or requirement of dedicated
apheresis instrument for treatment of COVID-19 patients”.
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Table 1
Distribution of 73 COVID-19 patients by vital status and treatment with therapeutical plasma exchange
(TPE): number (N) and percentage (%) of cases; exact odds ratio (OR); 95% con�dence interval (95%CI)

and two-tail p-values.
FACTORS Distribution by vital status Distribution by treatment status

Deceased

N (%)

Survived

N (%)

OR

(95%CI)

p-value

TPE

N (%)

No
TPE

N (%)

OR

(95%CI)

p-value

O2

support

0 1 (5) 18 (34) 89.4

(11.2 ;
4371.)

0.0000

14 (32) 5 (17) 0.47

(0.21;
0.996)

0.0486

1 3 (15) 35 (66) 23 (54) 15 (50)

2 16 (80) 0 (0) 6 (14) 10 (33)

ICU admission 20 (100) 20 (38) 43.5*

(6.92; +Inf)

0.0000

20 (47) 20 (67) 0.44

(0.15;
1.26)

0.1424

65 + years of age 12 (60) 12 (22) 4.99

(1.50; 17.9)

0.0068

12 (28) 12 (40) 0.59

(0.19;
1.76)

0.4065

20 + days of
hospitalization

10 (50) 10 (19) 4.20

(1.22; 15.1)

0.0208

7 (16) 13 (43) 0.26

(0.07;
0.85)

0.0229

Diabetes 9 (45) 15 (28) 2.05

(0.61; 6.79)

0.2829

11 (26) 13 (43) 0.45

(0.15;
1.36)

0.1825

Hypertension 11 (55) 20 (38) 2.00

(0.63; 6.54)

0.2869

16 (37) 15 (50) 0.60

(0.21;
1.69)

0.3968
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FACTORS Distribution by vital status Distribution by treatment status

Deceased

N (%)

Survived

N (%)

OR

(95%CI)

p-value

TPE

N (%)

No
TPE

N (%)

OR

(95%CI)

p-value

Comorbidities 10 (50) 24 (45) 1.21

(0.38; 3.84)

0.9205

18 (42) 16 (53) 0.63

(0.22;
1.78)

0.4664

Male sex 10 (50) 31 (58) 0.71

(0.22; 2.27)

0.6958

29 (67) 12 (40) 3.06

(1.06;
9.18)

0.0368

Ex/current smokers 1 (5) 4 (8) 0.65

(0.01; 7.12)

1.0000

4 (9) 1 (3) 2.94

(0.27;
151.)

0.6211

Plasmapheresis 6 (30) 37 (70) 0.19

(0.05; 0.64)

0.0049

43
(100)

NA NA

Number of
treatments

0 14 (70) 16 (30) 0.37

(0.16; 0.76)

0.0041

NA 30
(100)

NA

1 3 (15) 14 (26) 17 (40) NA NA

2 3 (15) 23 (43) 26 (60) NA

Timing of
treatments

0 14 (70) 16 (30) 0.47

(0.24; 0.82)

0.0050

NA NA NA

1 2 (10) 13 (25) 15 (35) NA NA

2 3 (15) 9 (17) 12 (28) NA

3 1 (5) 15 (28) 16 (37) NA

Total 20 53   43 30  
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FACTORS Distribution by vital status Distribution by treatment status

Deceased

N (%)

Survived

N (%)

OR

(95%CI)

p-value

TPE

N (%)

No
TPE

N (%)

OR

(95%CI)

p-value

Footnote.

Number of treatments: 0 (no TPE); 1 (1–4 sessions of TPE); 2 (5 + sessions of TPE).

Timing of treatments = days between hospital admission and �rst TPE: 0 (no TPE); 1 (up to 3 days); 2
(4–5 days); 3 (6 to 12 days).

Severity = latent variable estimated by the STATA program SEM aggregating the variables that affect
a worse prognosis of COVID-19 (such as age, sex, smoking, diabetes, hypertension, other
comorbidities as well as heaviest oxygen delivery support ever used).

Plasmapheresis = dichotomous variable which was 0 for 30 untreated patients and 1 for the 29 cured
with TPE.

Table 2
Distribution of 73 COVID-19 patients by vital status at end of follow-up and by treatment with

therapeutical plasma exchange (TPE).
Latent variable
Severity

(arbitrary units)

Distribution by vital status Distribution by treatment status

Deceased
N = 20

Survived
N = 53

Wilcoxon rank-
sum test

TPE

N = 
43

No TPE
N = 30

Wilcoxon rank-
sum test

Lowest value 5.66 -5.18 z = -6.555

p = 0.0000

-5.18 -3.89 z = 4.552

p = 0.0000Highest value 8.84 -1.27 7.96 8.84

25% percentile 7.24 -3.59 -3.61 -1.73

75% percentile 8.49 -2.39 -2.40 8.28

Median 7.70 -2.80 -2.82 -1.35
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Table 3
Four groups of SEM results (structural equations, measurement, variances, covariances) for the analysis

of mortality of critically ill COVID-19 patients after therapeutic plasma exchange. Standardized beta
coe�cients (with “minus” sign indicating inverse relationship) with lower and upper limit of 95%

con�dence intervals (95%CI) and p-values; SEM’s goodness-of-�t statistics at bottom of table.
  Endogenous

variables
Exogenous
variables

Beta
Coef.

95% CI p-
value

Lower Upper

Structural
Equation

mortality tpe 0.031 -0.549 0.610 0.917

n_treat -0.074 -0.544 0.395 0.756

timing 0.080 -0.308 0.467 0.687

Severity 0.941 0.614 1.269 0.000

Measurement age Severity 0.348 0.124 0.572 0.002

sex Severity -0.152 -0.425 0.121 0.276

smoking Severity -0.058 -0.307 0.192 0.652

diabetes Severity 0.174 -0.065 0.413 0.153

co-morbidites Severity 0.198 -0.055 0.451 0.124

hypertension Severity 0.078 -0.180 0.337 0.553

oxygen delivery Severity 0.745 0.557 0.932 0.000

Variances var(e.age) 0,879 0.736 1.049 1.05

var(e.sex) 0,977 0.897 1.064 1.06

var(e.smoking) 0,997 0.968 1.026 1.03

var(e.diabetes) 0,970 0.890 1.057 1.06

var(e.hypertension) 0,961 0.865 1.066 1.07

Var(e.co-morbidities) 0,994 0.954 1.035 1.03

var(e.oxygen_delivery) 0,446 0.238 0.833 0.83

var(e.death) 0,141 0.008 2.461 2.28

var(Severity) 1,000 - -  

Covariances cov(tpe,Severity) -0,415 -0.694 -0.137 0.003

Goodness of �t statistics:

LR test of model vs. saturated: chi2(38) = 58.31, Prob > chi2 = 0.0186

Coe�cient of determination = 0.884
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cov(n_treat,Severity) -0,385 -0.657 -0.112 0.006

cov(timing,Severity) -0,404 -0.686 -0.121 0.005

Goodness of �t statistics:

LR test of model vs. saturated: chi2(38) = 58.31, Prob > chi2 = 0.0186

Coe�cient of determination = 0.884
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Table 4
Effect of therapeutic plasma exchange (TPE) on 30-day mortality of 59 patients hospitalized for severe
COVID-19 pneumonia. Results of univariate and multivariate Cox proportional-hazards models: hazard
ratio (HR), standard error (SE), 95% Con�dence Interval (95%CI) and p-value (p). One model with 3 and

three models with 2 covariates (description in footnote).
COVARIATES HR SE 95%CI p

Univariate Cox regression analysis

Number of treatments 0.71 0.20 0.41; 1.23 0.226

Timing of treatments 0.74 0.16 0.49; 1.13 0.169

Plasmapheresis 0.68 0.34 0.26; 1.80 0.441

Severity of disease 1.42 0.17 1.12; 1.79 0.004

  Multivariate Cox regression: model with 3 covariates

Number of treatments 0.82 0.86 0.10; 6.39 0.849

Timing of treatments 1.10 0.94 0.21; 5.87 0.910

Severity of disease 1.41 0.18 1.11; 1.78 0.005

  Multivariate Cox regression: models with 2 covariates

Plasmapheresis 1.19 0.62 0.43; 3.29 0.741

Severity of disease 1.44 0.19 1.11; 1.86 0.006

Number of treatments 0.92 0.27 0.52; 1.62 0.767

Severity of disease 1.40 0.17 1.11; 1.78 0.005

Timing of treatments 0.94 0.22 0.59; 1.50 0.798

Severity of disease 1.41 0.17 1.11; 1.78 0.005

Footnote.

Number of treatments: 0 (no TPE); 1 (1–4 sessions of TPE); 2 (5 + sessions of TPE).

Timing of treatments = days between hospital admission and �rst TPE: 0 (no TPE); 1 (up to 3 days); 2
(4–5 days); 3 (6 to 12 days).

Severity = latent variable estimated by the STATA program SEM aggregating the variables that affect
a worse prognosis of COVID-19 (such as age, sex, smoking, diabetes, hypertension, other
comorbidities as well as heaviest oxygen delivery support ever used).

Plasmapheresis = dichotomous variable which was 0 for 30 untreated patients and 1 for the 29 cured
with TPE.

Figures
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Figure 1

Flow chart displaying the criteria employed to select COVID-19 patients to be treated by therapeutic
plasma exchange (TPE). MOF= Multi-organ failure. $ admitted to Baqiyatallah Hospital in Tehran (Iran)
between 24 March and 20 May 2020 * - age ≥ 20 years; - severe pneumonia (de�ned as tachypnoea [≥30
breaths per min], O2 saturation (SpO2) ≤90% at rest on room air; or PaO2/FiO2 ratio <300 mm Hg); -
positive real-time RT-PCR (throat-swab specimens); - typical COVID-19 pneumonia imaging at chest CT
scan, with patchy in�ltration and focal unilateral ground glass opacity, ill-de�ned margins, smooth or
irregular interlobular septal thickening, air bronchogram, crazy-paving pattern, and thickening of the
adjacent pleura with severe involvement (> 50%). @ Single daily dose of 500 mg methylprednisolone
pulse 250 mg for two days); ceftriaxone (1 gr twice a day); azithromycin (500 mg/daily); pantoprazole (40
mg twice a day); hydroxychloroquine (200 mg/12 hours) and lopinavir/ritonavir (200/50 mg) tablets daily
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Figure 2

Kernel density estimate for the latent variable “Severity” with vertical lines indicating the median of
survived and deceased (red lines), the lowest range of Severity in survivors (blue dashed vertical line) and
the highest range of Severity among deceased (black dashed vertical line).
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Figure 3

Path diagram of results shown in Table 3. An oval indicates the latent variable (Severity, square boxes
indicate the observed variables, circles indicate errors, arrows specify the direction of causal �ow, an
arrowed route is a path, curved paths express covariances, and the estimated beta coe�cients appeared
along the paths. It can be seen that: Severity is signi�cantly associated with O2 delivery (p=0.000) and
age (p=0.002); there is a negative correlation between Severity and plasmapheresis (“tpe”, p=0.003),
number (“n_treat”, p=0.006) and timing (“timing”, p=0.005) of its administration; the impact on mortality
(the dependent variable “death”) was highest for Severity (p=0.000) and close to 0.0 for plasmapheresis
variables.


