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Abstract

This study examines the impact of patent activity on the idiosyncratic volatility (IVOL)
of U.S. pharmaceutical companies, addressing a critical gap in the literature on

the relationship between innovation and firm-specific risk. Using panel data from
Thomson Reuters/Refinitiv covering 2,910 firms over 2005-2024, we employ the
Fama-French 5-factor model to isolate firm-specific volatility and analyze how patent
events and pharmaceutical development activities affect stock price risk. Our findings
reveal a complex relationship between innovation and volatility that varies by devel-
opment stage. While patent activity overall reduces idiosyncratic volatility, early and
mid-stage development projects (Phase | and ) initially increase firm-specific risk,
reflecting inherent uncertainties in drug development. Conversely, newly launched
products significantly reduce volatility, indicating that risk mitigation occurs primar-
ily at commercialization. These relationships remain robust during crisis periods,
including the 2008-09 financial crisis and COVID-19 pandemic. The results provide
valuable insights for investors seeking to assess pharmaceutical investment risks,
managers optimizing innovation portfolios, and policymakers designing intellectual
property frameworks. The study’s focus on the U.S. market and reliance on patent
counts rather than quality measures suggest important avenues for future research
across different regulatory environments and innovation metrics.

Introduction

Patents play a pivotal role in the pharmaceutical industry, acting as powerful tools
that not only safeguard innovation but also shape market competition and firm
value. By granting exclusivity, patents protect the substantial R&D investments that
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companies make, allowing them to secure market positions, deter competitors, and
capitalize on their innovations. This protective shield often translates into enhanced
profitability and increased firm valuation, making patents essential strategic assets in
the sector.

However, patents do more than just protect innovations; they also serve as key
signals of a company’s technological prowess and growth potential. Investors and
analysts closely track patent activity—such as filings, approvals, and citations—since
these factors provide critical insights into a firm’s innovation trajectory and market
stance. Such patent-related developments can drive shifts in market expectations
and have a direct impact on stock prices. Yet, while patents are crucial for securing
competitive advantage, they also introduce distinct financial complexities that can
influence market dynamics.

In the pharmaceutical sector, characterized by high uncertainty and substantial
costs, patent events often lead to significant stock price volatility. New patent approv-
als, expirations, or legal disputes can cause sudden changes in investor sentiment,
driving fluctuations in a company’s specific risk profile—what we refer to as idiosyn-
cratic volatility. Idiosyncratic volatility (IVOL) defines the volatility of the price of a
particular stock due to conditions unique to the firm and not in the market at large
[1]. These types of risks are not systematic risks, that is, they do not originate from
market conditions of the economy but are the outcomes of financial status, manage-
rial decisions, and competitive or operational effectiveness of the company. Volatility
related to specific stocks specifically, is adversely associated with returns, underlin-
ing its importance as a risk factor to investors and firms [2]. High IVOL implies that
investors have doubts or concerns about the solvency of a company and its future
earnings generation capability and therefore can forecast expected returns well and
investors demand a risk premium.

From the standpoint of efficient markets at the aggregate level, IVOL is likely to
disrupt efficient capital allocation by diminishing investors’ confidence and liquidity [3].
The Efficient Market Hypothesis (EMH) suggests that stock prices reflect all available
information and that excess returns cannot be consistently generated through market
timing or stock selection [4]. However, idiosyncratic volatility introduces noise into this
efficient pricing mechanism, potentially leading to mispricing and resource misallo-
cation. In efficient markets, increased IVOL may indicate either genuine information
flow about firm-specific developments (such as patent events) or noise that tempo-
rarily distorts proper asset valuation. When investors can accurately interpret patent-
related information, market prices should efficiently adjust to reflect the economic
value of these intellectual property assets.

In addition, innovation activities are central to IVOL. Though highly innovative
ventures further volatility through risky research development projects and patenting
processes, successful innovations may minimize future uncertainty and hence hurts
IVOL [5].

Innovation is seen as a critical factor for firms to gain a competitive advantage and
sustain long-term growth. Yet, the relationship between innovation and IVOL is still
an object of discussion in the literature and both the positive and the negative effects
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of innovation on IVOL have been discussed and analyzed in a variety of works [5—7]. Hirshleifer, Hsu (5) proposed that
although innovation can generate positive value for a firm, it also leads to an elevation in the level of idiosyncratic risk of
the firm. Thus, there is an increase in uncertainty in the market due to new product and service developments and this can
cause a fluctuation in the stock prices. As for IVOL, for the most part, useful innovations that may be protected through
the patenting processes can lower the uncertainty concerning further money flows, decreasing IVOL. In a similar vein,
Alshammasi and Almomen (6)established that innovation outputs, patents more specifically, decrease the idiosyncratic
risks of firms. The findings have revealed that patents have far-reaching implications for firms with high information uncer-
tainty by helping the firms cope with market risks.

While exploring the impact of R&D investments on IVOL, R&D expense reductions were most beneficial in lowering
idiosyncratic risks for firms with a small capitalization and low leverage [8]. This means that the effect of innovation on
IVOL is not only mediated by, for example, firm size or financial structure but it is also incorporated the developmental
level of the market and the specific strategic choices of the firm. These findings are also further corroborated by Mazzu-
cato and Tancioni (7) that revealed that while innovation tends to lead to volatility in the short run, innovation processes
that have been successful in the long run have a risk reducing impact. It especially focuses on the fact that high IVOL in
innovative firms might mean that there is a stronger feedback effect, which increases the efficiency of innovation related
investments [9].

While previous studies have examined the relationship between innovation and stock market performance in various
industries (e.g., [5,7]), the specific link between patent activity and idiosyncratic volatility in the pharmaceutical sector
remains underexplored. For instance, studies by Alshammasi and Almomen (6) and Kumar and Li (9) have touched on
innovation and firm-specific risk but did not focus on the unique dynamics of the pharmaceutical industry, where patent
events create distinctive market reactions due to the industry’s high R&D intensity and regulatory hurdles.

The pharmaceutical sector provides an ideal context for this study due to its exceptional reliance on patent protection
compared to other industries. Unlike sectors where alternative mechanisms such as trade secrets or first-mover advan-
tages may suffice, pharmaceutical firms face particularly high R&D costs (averaging $2.6 billion per approved drug),
lengthy development cycles (10—15 years), and ease of imitation once a compound is identified [10]. These characteristics
make patent protection critically important and potentially more impactful on risk profiles than in other industries.

The U.S. market serves as an appropriate setting for this analysis because it represents the world’s largest
pharmaceutical market, with robust patent enforcement mechanisms, transparent financial reporting requirements, and a
well-established regulatory framework for drug approval. These institutional features allow for a clearer examination of the
relationship between patent activities and market responses.

This study focuses on examining how patent activity influences the idiosyncratic volatility of pharmaceutical companies.
It aims to delve into the extent to which patents drive stock price movements that are unique to the firm, providing insights
into how the market responds to patent-related news in this highly competitive sector. Using a comprehensive panel
data set derived from Thomson Reuters Eikon for patent information, the study employs econometric models, including
the Fama-French 5-factor model, to quantify the effects of patent activity on idiosyncratic volatility. This methodological
approach allows for a rigorous analysis of how different stages of drug development and patent milestones influence
firm-specific risk.

This study is significant as it bridges a critical gap in our understanding of how patent activity influences firm-specific
risk in the pharmaceutical industry. By examining the relationship between patent events and idiosyncratic volatility, this
research provides valuable insights into the financial implications of innovation strategies. This is particularly relevant in
the pharmaceutical sector, where substantial investments in R&D and the outcomes of patent-related activities can signifi-
cantly impact a company’s market position and financial stability.

This paper makes several key contributions to the existing literature. It provides a comprehensive analysis of the impact
of patent activity on idiosyncratic volatility in the pharmaceutical industry, an area that has been underexplored despite its
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importance. The study employs a novel approach by examining the effects of different stages of pharmaceutical devel-
opment (Phase I, Il, and Ill) on firm-specific risk, offering a more nuanced understanding of how the drug development
process influences market perceptions and stock volatility.

Given the high uncertainty and regulatory challenges in the pharmaceutical sector, this study contributes to a deeper
understanding of how innovation activities, particularly patenting, influence firm-specific financial risks. By linking patent
dynamics to stock price volatility, the research not only fills a critical gap in the literature but also provides actionable
insights that can guide decision-making in this high-stakes industry with several important policy implications. For policy-
makers, the results highlight the need for a balanced approach to patent protection that encourages innovation while also
considering the potential impact on market stability and investor risk. The study’s insights into how different stages of drug
development affect firm-specific risk could inform regulatory decisions regarding the disclosure requirements for pharma-
ceutical companies, potentially leading to more efficient market responses to R&D activities. For investors and financial
regulators, the findings underscore the importance of considering patent-related events in assessing the risk profiles of
pharmaceutical companies, which could lead to more informed investment decisions and improved risk management
strategies.

This study addresses three key research questions: (1) How do patent approvals affect the idiosyncratic volatility of
pharmaceutical firms? (2) Does the relationship between patent activity and idiosyncratic volatility differ across various
stages of drug development (Phase |, I, and III)? and (3) What are the differential impacts of patent-related events, such
as expirations and legal disputes, on firm-specific risk in this sector?

The remainder of this paper is structured to guide readers through our research process and findings. We begin with
a comprehensive review of the relevant literature, developing our theoretical framework. This is followed by a detailed
description of our data sources and methodology, including the construction of our idiosyncratic volatility measure and
the econometric models employed. We then present our empirical results, encompassing the main findings on the rela-
tionship between patent activity and idiosyncratic volatility, as well as the impact of different pharmaceutical development
phases. A discussion of the implications of our findings follows, addressing limitations and suggesting directions for future
research. The paper concludes with a summary of our key findings and their broader implications for the pharmaceutical
industry and financial markets.

Theoretical background and literature review

The Efficient Market Hypothesis (EMH) serves as a fundamental theoretical framework for understanding how financial
markets process and incorporate information into asset prices. Originally formulated by Fama (4), the EMH posits that
asset prices fully reflect all available information, making it impossible to consistently achieve higher returns than average
market returns on a risk-adjusted basis. This theory is particularly relevant to our study as it provides the theoretical foun-
dation for understanding how patent-related information affects stock price volatility in pharmaceutical markets.

The EMH is categorized into three distinct forms, each differing in the scope of information considered to be reflected in
stock prices [4]. The weak form efficiency suggests that all past trading information, including historical prices and vol-
umes, is fully incorporated into current stock prices, rendering technical analysis ineffective for generating excess returns
[11]. The semi-strong form efficiency extends this concept to include all publicly available information, such as financial
statements, news releases, and patent announcements, implying that neither fundamental nor technical analysis can
provide sustainable advantages [12]. The strong form efficiency represents the most comprehensive level, claiming that
even private information is reflected in stock prices, though empirical evidence suggests that insiders can sometimes earn
above-average returns, indicating markets may not be fully strong-form efficient [13].

In the context of pharmaceutical financial markets, the application of EMH becomes particularly complex due to the
unique characteristics of innovation-related information. Research demonstrates that patent approvals, R&D announce-
ments, and drug development news significantly influence stock price movements, reflecting the market’s sensitivity to

PLOS One | https://doi.org/10.137 1/journal.pone.0334970 October 27, 2025 4/21




PLO\Sﬁ\\.- One

innovation-related information [14]. Event studies have consistently shown that pharmaceutical firms experience abnormal
returns following patent announcements and FDA approvals, suggesting that while markets generally react efficiently to
new information, the magnitude and timing of these reactions can vary considerably. However, the EMH framework faces
challenges in pharmaceutical markets, as evidenced by instances where market participants do not fully incorporate the
implications of innovation capabilities into stock prices, particularly in industries with short time lags between technological
advances and profit realization [15]. These deviations from perfect efficiency highlight the complex relationship between
innovation activities and market dynamics, where factors such as information leakage, financing constraints, and the
inherent uncertainty of pharmaceutical development can lead to market inefficiencies [16].

The pharmaceutical industry, characterized by high research and development (R&D) costs, long product development
cycles, and significant regulatory hurdles, relies heavily on patents to protect innovations and secure competitive advan-
tages. Patents play a crucial role in this sector by providing a period of market exclusivity that allows firms to recoup their
substantial R&D investments [17,18]. This exclusivity period enables companies to earn monopolistic profits, offsetting the
considerable expenditures incurred during the research and development phases [10,19].

The importance of patents in pharmaceuticals is particularly pronounced compared to other industries due to the ease
with which new drugs can be imitated [10,20]. Patents serve as a primary mechanism for protecting innovative activities
and fostering innovation in this sector [21]. Moreover, the disclosure of information through patents plays a significant
role in shaping technological trajectories by enabling firms to monitor each other’s R&D efforts, thus avoiding redundant
research and identifying promising research paths [22]. However, the effectiveness of the patent system in promoting
innovation is debated. Some researchers suggest that a strong patent system may not always be beneficial, advocating
for minimal levels of patent protection to foster competition and innovation [23,24]. This perspective highlights the complex
relationship between patent protection and market dynamics in the pharmaceutical industry.

The institutional economics perspective, particularly drawing from Veblen’s work, provides valuable insights into the
role of patents in the pharmaceutical industry. Patents serve not only as legal protections for innovation but also as critical
financial assets that significantly impact firm valuation and market dynamics [25,26]. While not financial assets in the
strict accounting sense (as defined in IAS 32), patents represent valuable intellectual property resources that generate
future economic benefits and influence financial performance. In the context of financialized business models, patents act
as strategic assets driving the economic value of pharmaceutical companies. Veblen emphasized that intangible assets
like patents provide firms with monopolistic power, enabling them to extract economic rents not directly tied to productive
processes [26]. This financialization is evident as patents influence key performance indicators such as Earnings Per
Share (EPS), which often show significant improvement following patent approval [27]. The impact of patents extends
beyond individual firms to shape broader market dynamics, particularly during crises. Government support in the form of
grants and subsidies often accelerates the development of essential drugs, aligning with Mazzucato [28] concept of the
“entrepreneurial state”. However, this public funding combined with private patent rights can amplify market dominance,
leading to monopolistic pricing and potentially limiting access to essential medications [27,29]. The ethical implications of
patents in pharmaceuticals become particularly acute during crises, where the need for timely access to critical medicines
often conflicts with profit motives. Veblen’s framework emphasizes that intangible assets like patents often serve financial
extraction rather than productive or societal utility [25,26]. This raises fundamental questions about balancing innovation
incentives with the imperative to make life-saving drugs accessible, especially when public funds are involved in their
development.

Patents significantly impact firm performance and market dynamics through various mechanisms. They can enhance a
firm’s customer capital by improving customer perceptions of product novelty and quality, positively impacting firm per-
formance and financial market valuation [30]. Firms holding academic patents benefit from knowledge spillovers, which
enhance their market power, although they may experience a negative impact on short-term profitability due to the high
costs associated with acquiring and exploiting these patents [31]. In the context of strategic competition, firms engaging in
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patent litigation or other aggressive patent strategies tend to perform better, especially when they have a diversified tech-
nological portfolio. However, the benefits of such strategies can be mitigated by open innovation practices [32]. Firms with
larger market shares are more likely to exploit patents through various modes, including own use, licensing, and blocking,
with the blocking strategy strongly associated with maintaining competitive advantage [33].

The commercialization performance of patents is significantly influenced by a firm’s complementary assets and the
appropriability of its innovations, with market sensing capabilities further enhancing this relationship [34]. The propensity
to trade patents is influenced by the alignment of a patent’s technology structure with potential buyers’ portfolios, although
this propensity is reduced when there is significant product-market overlap or when the original assignee has superior
technological capabilities [35].

The relationship between patents and financial risk is multifaceted, involving both the potential for patents to mitigate
financial risk and the risks associated with leveraging patents in financial strategies. Patents can enhance a firm’s resil-
ience during financial crises by providing strategic resources that help sustain competitive advantages [36]. They also
serve as a quality signal to external investors, potentially mitigating internal liquidity constraints, particularly beneficial for
smaller firms [37-39].

The size of a company’s patent portfolio has been shown to positively correlate with its credit rating, suggesting that
patents can enhance a firm’s debt capacity by serving as valuable assets that improve creditworthiness [40]. However,
patents with high forward citations may negatively impact credit ratings due to the potential for patent lawsuits, which pose
financial risks to creditors [40,41].

The use of patents as collateral in financial transactions, as seen in patent pledge policies, can increase the risk of
stock price crashes, particularly for firms with strong financial standing and excessive managerial confidence [42]. Firms
with higher idiosyncratic asset volatility often have more dispersed debt maturity structures, a strategy to manage rollover
risk, which is particularly important for pharmaceutical firms that rely heavily on external financing for R&D activities [43].

Patent approvals, especially those that are considered radical, tend to lead to positive stock market reactions. This is
because radical patents often signify breakthrough innovations that can potentially lead to significant competitive advan-
tages and future revenue streams for the company [44]. News related to acquisitions and clinical trials can lead to signifi-
cant abnormal returns [45,46]. Patent disputes and litigation events can have profound impacts on stock prices, with firms
in a strong position in patent lawsuits experiencing positive stock returns, while those in a weaker position face negative
returns [47,48].

The mere filing of a patent opposition can result in statistically significant negative abnormal returns, highlighting the
market’s sensitivity to potential patent invalidation [49]. Patent expirations can lead to increased competition and reduced
market exclusivity, potentially impacting stock prices negatively and often leading to increased volatility as firms approach
patent cliff events [18,50].

Firm-specific risk known as idiosyncratic volatility reflects the part of a stock’s price variation coming from company-
specific elements including financial construction and managerial choices as well as operational success outside market
influences [1]. Firm risk which remains independent from economic conditions receives a separate classification from
systematic risk and serves as a business variable that reveals corporate activities and production uncertainties. Research-
ers have explored the information embedded within IVOL because it reveals undisclosed firm details that traditional risk
modeling frameworks cannot detect. When the level of IVOL reaches high levels, it demonstrates financial and earnings
uncertainties which diminish investor faith thus reducing market liquidity and capital allocation system efficiency [3].

Empirical research reveals additional findings about how idiosyncratic volatility develops as well as its component
sources. Multiple research studies showed how firm-level volatility increased consistently with market volatility during
multiple decades while stock correlations diminished, and market models decreased in effectiveness [1]. Using the
Fama-French three-factor model Xu and Malkiel (3) established the upward movement and linked it to two variables:
growing institutional ownership together with market expectations of profit growth. Bekaert, Hodrick [51] studied global

PLOS One | https://doi.org/10.137 1/journal.pone.0334970 October 27, 2025 6/21




PLO\Sﬁ\\.- One

idiosyncratic volatility from a cyclical and macroeconomic viewpoint which showed that the factor behaves with mean
reversion and shows temporary spikes instead of enduring trends. Measurement of idiosyncratic volatility typically involves
asset-pricing models, residual variance analysis, GARCH models, and rolling window estimations [52-55].

Investors in the pharmaceutical industry perceive and react to patent news with significant interest. Patent approvals,
strategic alliances involving patent sharing, and R&D investments accompanied by new product announcements generally
lead to positive market reactions [46,56]. Conversely, patent expirations, litigation announcements, and patent challenges
often result in negative market reactions [18,47,49].

The study of patents and volatility employs a variety of methodological approaches, including econometric models,
network-based approaches, text mining techniques, event studies, panel data analysis, instrumental variable approaches,
and agent-based modeling [24,30,45,57—60]. These diverse approaches reflect the complexity of studying the relationship
between patents and volatility, each offering unique insights into different aspects of this relationship.

The pricing of idiosyncratic volatility remains a complex puzzle, with existing explanations based on investor sentiment
and opinion differences proving inadequate. Researchers such as Zaremba, Czapkiewicz (61) and Chen, Wang (55)
highlight these challenges, suggesting that traditional risk-return frameworks may not fully capture the complexities of
firm-specific risk in innovation-intensive industries like pharmaceuticals.

The relationship between idiosyncratic volatility and stock returns is non-linear and significantly affected by financial
crises, indicating the need for models that can capture these dynamics across different market conditions [55]. Some
researchers argue that the observed risk-return relationship could be a result of statistical artifacts rather than real eco-
nomic factors, challenging the notion of a true anomaly in idiosyncratic volatility pricing [61].

The literature demonstrates various conflicting and detailed findings about how innovation relates to idiosyncratic vol-
atility in driving firm competitiveness and long-term value creation. Innovation processes and patentable inventions serve
to decrease market uncertainty over future cash flows because they establish valuable intangible company assets while
diminishing market information asymmetry [6]. Organizations facing significant information uncertainty attain the most
prominent protection against market-related risks through their innovation activities. Stock price volatility tends to increase
because of unpredictable outcomes that result from innovative processes which happen especially during initial phases
where new products and unproven technologies are being developed [5]. Mazzucato and Tancioni (60) state that short-
term innovation-related volatility matches long-run stabilization of risk by sustaining successful innovation initiatives. High
idiosyncratic volatility in innovative firms indicates efficient feedback loops and improved innovation investment efficiency
beyond risk measurement [9], especially when operating in pharmaceuticals which demand innovative approaches to
deliver successful performance.

The relationship between patents and idiosyncratic volatility in the pharmaceutical sector is complex. R&D-intensive
firms, which are likely to hold more patents, experience higher volatility in returns, suggesting that the uncertainty asso-
ciated with future profits from innovations contributes to increased idiosyncratic risk [60]. Firms that deviate strategically
from industry norms, possibly through unique patent strategies, tend to exhibit higher idiosyncratic return volatility [62].

Increased competition tends to raise idiosyncratic volatility relative to systematic volatility, as firms face more firm-
specific cost shocks that cannot be easily passed on to consumers [63]. The complexity of patent thickets can result in
more frequent litigation, further influencing stock price volatility and investor perceptions [64]. Variations in patent granting
probabilities and examination durations across countries can affect firms’ strategic decisions and their subsequent market
performance, potentially impacting idiosyncratic volatility [65].

Despite the extensive research in this field, several gaps and limitations exist in the current literature on patents and
idiosyncratic volatility. Many studies on idiosyncratic volatility do not incorporate direct measures of innovation, such as
patent data, which limits the understanding of how technological advancements impact firm-specific risks.

Future research could explore the impact of emerging technologies, such as Al-enabled digital identity systems, on
patent valuation and associated volatility. Additionally, investigating the role of patents in open ecosystems and their
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implications for policymakers could provide valuable insights. As the pharmaceutical industry faces ongoing pressures to
innovate and manage risks, understanding the role of patents in shaping firm-specific volatility will remain a critical area of
research and practice.

Based on the theoretical framework and literature review presented above, we develop the following research
hypotheses:

Hypothesis 1: Patent activity is negatively associated with idiosyncratic volatility in pharmaceutical firms. This
hypothesis is grounded in the notion that patents reduce market uncertainty by securing exclusive rights to commercialize
innovations, thereby providing clearer expectations about future cash flows. Alshammasi and Almomen (6) suggests that
successful innovation outputs like patents can decrease firm-specific risks by reducing information uncertainty.

Hypothesis 2: The impact of pharmaceutical development projects on idiosyncratic volatility differs by development
phase, with more advanced phases (Phase lll) having a stronger negative association with volatility than earlier phases
(Phase | and Il). This hypothesis is based on the progressive reduction of uncertainty as drug candidates advance through
clinical trials. Early-stage projects carry higher technical and regulatory risks, while late-stage projects that have passed
critical safety and efficacy evaluations represent lower risks and greater proximity to potential market approval and com-
mercialization, as discussed in the research by Mazzucato and Tancioni (60).

Dataset and methodology

This study utilizes Thomson Reuters Eikon database (now part of the London Stock Exchange Group — LSEG), data
source to examine the dynamics of pharmaceutical companies. This comprehensive financial dataset serves as the
foundation for calculating the idiosyncratic volatility of the sample firms, enabling an in- depth analysis of their market
performance and associated risk factors. The database provides detailed firm-level patent information and data on phar-
maceutical projects across various development stages, including Phase |, Phase Il, and Phase lll. This information
facilitates the examination of innovation activities and project progression within the pharmaceutical sector. Access to the
Thomson Reuters Eikon database is available through a subscription to the Eikon Refinitiv platform [Eikon Refinitiv plat-
form is accessible via www.eikon.refinitiv.com].

The statistical analyses in this study were conducted using Stata version 17, which facilitated data management and
the implementation of econometric models, including the Fama-French 5-factor model and panel regressions.

The Fama-French five-factor model is commonly employed in the calculation of idiosyncratic volatility, as it compre-
hensively captures risks associated with the market. Accordingly, in the first stage of the analysis, the five-factor Fama-
French model was estimated using monthly data spanning from January 2005 to December 2024, resulting in a sample
of 355,544 observations across 2,910 companies, with an average data coverage of 122.18 months per company. Dif-
ferenced natural logarithm price data were utilized in the estimation. The selection of companies was based on the North
American Industry Classification System (NAICS). Since the dependent variable is specified in first differences, it does not
exhibit a unit root. However, all additional variables included in the analysis, except the dummy variable, were subjected to
panel unit root tests (specifically, the Panel ADF Fisher-type unit root test), and all were found to be stationary.

The U.S. pharmaceutical industry represents an ideal context for examining the relationship between patents and idio-
syncratic volatility due to its unique characteristics. During our sample period (2005-2024), this sector experienced signifi-
cant transformations, including waves of consolidation, increasing R&D intensity, and evolving regulatory frameworks. The
industry is characterized by high R&D intensity, with pharmaceutical firms in our sample investing an average of 20.6% of
their revenues in research and development, compared to approximately 3.5% across all industries in the S&P 500. The
drug development process is notably long and expensive, with estimates suggesting an average cost of $2.6 billion and
10-15 years from discovery to market [66].

The regulatory environment during this period saw important changes, including the implementation of the Prescription
Drug User Fee Act (PDUFA) VI in 2017, which aimed to accelerate approval times, and the 2010 Affordable Care Act,
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which expanded market access but introduced new industry fees. These regulatory shifts potentially influenced patent
values and market perceptions.

The measurement of idiosyncratic volatility (IVOL) is grounded in both asset pricing theory and the Efficient Market
Hypothesis framework. Under EMH, systematic risk factors captured by asset pricing models should be efficiently incor-
porated into stock prices, leaving only genuine firm-specific uncertainty in the residuals. Following established literature
[1,2], we employ the Fama-French 5-factor model to isolate this firm-specific component of volatility. This model is theo-
retically superior to single-factor models as it accounts for multiple systematic risk factors (market, size, value, profitability,
and investment) that EMH suggests should be efficiently priced by markets [67]. The residual volatility from this model
represents the component of stock price movements that markets have not yet fully resolved through efficient information
processing—precisely the component that patent events should theoretically affect by providing new information about
firm prospects and reducing information uncertainty.

The Fama-French 5-factor model [67] extends the traditional 3-factor model by adding profitability (RMW) and invest-
ment (CMA) factors to the original market (MKT), size (SMB), and value (HML) factors. We employ this model because
it provides a more comprehensive account of systematic risk factors, allowing for more accurate isolation of the truly
idiosyncratic component of stock returns. The 5-factor model has been shown to explain approximately 71-94% of
cross-sectional variation in expected returns [67], compared to 60-83% for the 3-factor model, resulting in more precise
measurement of idiosyncratic volatility.

The model takes the form in Equation (1):

Rit—Rtt = o+ B1,i (Rmt— Ret) + B2,iSMB; + B3 iHML; + 4 [RMW; + 55 CMAt + €t (1)

Where, R;; is the return on stock i on day t, Ry; is the risk-free rate on day t, Ry is the market return on day t, SMB;
(Small Minus Big) is the size factor, HML; (High Minus Low) is the value factor, RMW; (Robust Minus Weak) is the prof-
itability factor, CMA; (Conservative Minus Aggressive) is the investment factor and ¢;; is the residual, representing the
idiosyncratic return component.

In the initial stage of the analysis, the five-factor Fama-French model was estimated using monthly data from January
2005 to December 2024, as previously described, encompassing 355,544 observations and 2,910 companies with an
average of 122.18 months per company. Returns were calculated using the differenced natural logarithm of price data
for several methodological reasons. First, log transformations normalize the distribution of returns, thereby improving the
statistical properties of the model. Second, log returns are time-additive, which is advantageous for multi-period analysis.
Third, this approach is standard in financial econometrics and facilitates comparability with prior research [1,2].

The Fama-French 5-factor model regression, which includes market, size, profitability, value, and investment factors, as

represented in Equation (2).
rit = o + B1MKT¢ + B2SMB; + B3HML; + B4RMW; + BsCMA: +- €t ()

In this model, MKT represents the market factor, SMB is the size factor, RMW denotes the profitability factor, HML is the
value factor, and CMA is the investment factor. The Fama- French daily data were sourced from Kenneth French’s web-
site. The residuals from this regression are isolated for each firm, and their standard deviations are annualized to derive
the firm’s idiosyncratic volatility. The monthly residuals were merged with the annual patent and R&D phase level informa-
tion to form an annual data set. Therefore, the IVOL data, which was finally created between 2005-2024, was sampled for
the years 2005-2024 after this merge process. The sample level considered in the study is between the years 2005-2024
selected according to the firm level patent information. Due to the availability of patent information and R&D projects in
phase |, phase Il and phase lll, in pre-registration phase, and launching phase, the start and end dates of the sample
were selected between these dates.
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The classification of R&D projects is as follows: Phase | at the commencement of the process, Phase Il upon comple-
tion of Phase |, and Phase Ill upon completion of Phase Il and transition to Phase Ill. These phases may be conceptual-
ized as research and development projects, which, as the number of successfully completed phases increases, approach
completion. The main regression model linking idiosyncratic volatility (IVOL) with patent activity is specified in Equation 3:

IVOL;t = Bo + B1PATENT; ¢ + BnXnit +v + €it (3)

Here, IVOL represents the idiosyncratic volatility, and PATENT stands for the change in the number of patents obtained
annually. The matrix (X) includes control variables such as firm size (SIZE) and firm age (AGE).

Our selection of control variables follows established literature on the determinants of idiosyncratic volatility. Firm size
(SIZE), measured as the natural logarithm of total assets, is included because larger firms typically exhibit lower volatility
due to their diversified revenue streams, greater resource access, and higher analyst coverage [68,69].

Firm age (AGE), measured as years since founding, accounts for the reduced uncertainty that typically comes with
operational experience and market establishment. Younger firms generally face higher uncertainty regarding their busi-
ness models and growth trajectories, leading to greater stock price volatility [6,69—-72].

To mitigate potential multicollinearity concerns that may result from high correlations among drug patent phases, sepa-
rate models were estimated for each phase. The annualized idiosyncratic volatility is further analyzed in relation to phar-
maceutical project using the following regression models:

IVOL;¢ = Bo + B1PHASEl;¢ + BnXnit + v + €it (4)
IVOL;¢ = Bo + B1PHASEIl;t + BnXnit + v + €it (5)
IVOL;; = Bo + B1PHASEIl; ¢ + BnXnit + Y + €it (6)

IVOL;¢ = Bo + B1PRE — REG;; + BnXnit + Y + €it (7)

IVOL;t = Bo + BANEWLAUCH ¢ + BnXnit +7v + €it (8)

In Equations (4-8), PHASE I, PHASE II, and PHASE IIl represent projects in their respective phases of development.
PRE-REG is the products in the pre-registration phases, and NEWLAUNCH is the newly launched products.
Pharmaceutical development follows a standardized, sequential clinical trial process that is highly regulated by the FDA:
Phase | trials represent the initial stage of clinical testing, focusing primarily on safety. These trials typically involve
20-100 healthy volunteers or patients and assess the drug’s safety profile, appropriate dosage ranges, and pharmacoki-
netics. Phase | trials have the highest failure rate (approximately 40%) and represent the earliest stage of human testing.
Phase Il trials involve larger groups of patients (100-500) who have the condition the drug is designed to treat. These
trials assess both efficacy and side effects, determining whether the drug shows sufficient therapeutic effect to justify fur-
ther testing. Phase |l trials have a failure rate of approximately 30% and represent medium-risk development activities.
Phase lll trials are large-scale studies (1,000-5,000 patients) that confirm effectiveness, monitor side effects, and com-
pare the drug to commonly used treatments. These trials provide the primary evidence for FDA approval and market entry.
With a failure rate of approximately 15%, Phase lll trials represent the most advanced, lowest-risk stage of development
before potential market entry.
PRE-REG (Pre-Registration) is the products that have completed clinical trials and are currently undergoing regulatory
review by health authorities (FDA, EMA, etc.) for market approval. This phase involves regulatory agencies evaluating
clinical data and safety profiles before granting authorization to sell the product.
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NEWLAUNCH (Newly Launched Products) is the products that have received regulatory approval and been introduced
to the market within a recent timeframe (typically 1-3 years). These products are in their initial commercialization phase,
focusing on market penetration and establishing market share while continuing post-market monitoring.

The progression between the phases represents a substantial de-risking of the development process, with increasing
certainty about both safety and efficacy. This sequential risk reduction forms the basis for our hypothesis regarding the
differential impact of development phases on idiosyncratic volatility.

Descriptive statistics of the variables are shown in Table 1, highlighting the heterogeneity of the sample in terms of pat-
ent activity and idiosyncratic volatility among U.S. pharmaceutical firms. Table 2 presents the correlation matrix, indicating
that multicollinearity is not a concern, except among Phase |, Phase Il, and Phase Il variables.

Results

Table 1 presents the descriptive statistics for our sample of U.S. pharmaceutical firms over the period 2005-2024. The
sample exhibits substantial heterogeneity across key dimensions, reflecting the diverse nature of the pharmaceutical
industry ecosystem. Our primary dependent variable, idiosyncratic volatility (IVOL), displays a mean of 0.157 with a
standard deviation of 0.128, indicating considerable variation in firm-specific risk across the sector. The distribution ranges

Table 1. Descriptive statistics.

Variable Mean Std. dev. Min Max Observations
IVOL,, .1565897 .1275129 .0016391 2.307.015 N=19513
n=1727
T-bar=11.2988
Phasel,, 4.775.697 111.401 0 243 N=2189
n=397
T-bar=5.51385
Phasell,, 4.268.719 8.292.216 0 123 N= 2631

n= 426
T-bar=6.17606
Phaselll, 3.778.374 6.290.558 0 84 N= 2608

n= 407
T-bar=6.40786
SIZE,, 1.811.838 2.698.583 2.302.585 2.614.602 N= 23298

n= 1769
T-bar=13.1702
2.321.468 1.949.989 0 137 N= 22499

n= 1751
T-bar=12.8492
Patents,, 4.114.275 3.268.037 -10900 1067 N=2564
n=421
T-bar=6.09026
Prereg,, 1.982.612 7.200.826 1 857 N= 1179

n= 276
T-bar=4.27174
Launched,, 1.443.676 3.171.389 0 273 N=1605
n=351
T-bar=4.57365

Age

it

https://doi.org/10.1371/journal.pone.0334970.t001
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Table 2. Correlation analysis.

Variables (1) (2) (3) (4) (5 (6) (7) (8) (9)
(1) IVOLi t 1.000

(2) Patent,, 0.028 1.000

(3) Age,, -0.240* -0.083* 1.000

(4) SIZE -0.428* -0.089* 0.319* 1.000

(5) Phasel,, -0.122* 0.063 0.062* 0.383* 1.000

(6) Phasell, -0.178* -0.130* 0.081* 0.444* 0.792* 1.000

(7) Phaselll -0.191* -0.122* 0.113* 0.491* 0.710* 0.807* 1.000

(8) Prereg,, -0.007 0.021 -0.065* 0.012 -0.041 -0.023 -0.007 1.000

(9) Launched,, -0.067* 0.015 -0.058* 0.088* 0.036 0.008 0.038 0.345* 1.000

Note: ***p<0.01, ¥ p<0.05, *p<0.1.

https://doi.org/10.1371/journal.pone.0334970.t002

from highly stable firms (minimum IVOL of 0.002) to those experiencing extreme volatility (maximum of 2.31), suggesting
that pharmaceutical companies operate under markedly different risk profiles.

The innovation activity measures reveal the R&D-intensive nature of our sample firms. Patent activity shows significant
dispersion (mean=4.11, standard deviation=32.68), with some firms maintaining minimal patent portfolios while others
demonstrate extensive intellectual property generation. This heterogeneity is particularly pronounced in pharmaceutical
development pipeline data: Phase | projects average 4.78 per firm but with substantial variation (standard devia-
tion=11.14), while Phase Ill projects, representing more mature development efforts, average 3.78 per firm with some-
what less dispersion (standard deviation=6.29). This pattern is consistent with the industry’s funnel-shaped development
process, where many early-stage projects are winnowed to fewer late-stage candidates.

The control variables exhibit expected characteristics for pharmaceutical firms. Firm size (SIZE) shows considerable
variation (mean=18.12, standard deviation=2.70), encompassing both large multinational pharmaceutical companies and
smaller biotech firms. Firm age similarly spans a wide range (mean=23.21 years, standard deviation=19.50), reflecting
the industry’s mixture of established players and newer entrants focused on specialized therapeutic areas.

The correlation matrix in Table 2 provides initial insights into the relationships among our key variables. Most notably,
patent activity exhibits a small positive correlation with idiosyncratic volatility (r=0.028), which contrasts with our theoreti-
cal prediction but warrants careful interpretation in the multivariate context. This preliminary finding may reflect the com-
plex dual nature of innovation in pharmaceuticals—while patents ultimately reduce risk, the innovation process itself may
initially introduce uncertainty.

The pharmaceutical development phase variables show the expected negative correlations with IVOL, ranging from
-0.122 (Phase 1) to -0.191 (Phase lll). This gradient aligns with our theoretical framework, where more advanced devel-
opment stages should provide greater risk reduction. The high correlations among development phases (0.71-0.81)
confirm our methodological decision to estimate separate models for each phase to avoid multicollinearity concerns.

Control variables behave as expected from prior literature. Both firm size (r=-0.428) and age (r=-0.240) show nega-
tive correlations with volatility, consistent with the stabilizing effects of scale and operational maturity in reducing firm-
specific uncertainty.

Table 3 presents our main regression results testing the relationship between patent activity and idiosyncratic volatility.
All models employ standard errors that are robust to both heteroscedasticity and autocorrelation, addressing the potential
presence of these issues commonly observed in panel data due to substantial cross-sectional heterogeneity. The results
provide mixed support for our theoretical predictions and reveal important nuances in how different aspects of pharmaceu-
tical innovation affect firm-specific risk.
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Table 3. Regression results.

(1) (2 (3) (4) (5 (6)
IVOLi,t IVOLi,t IVOLi,t IVOLi,t IVOLi,t IVOLi,t
Age,, -0.000482" (-9.30)" | —0.000443" (-9.52) | —0.000521""(-10.62) | =0.000690" (-9.24)" —-0.000430™" (-9.11) | —0.000258" (-4.59)
Size,, -0.0167" (-21.49) | -0.0159™ (-22.29) | -0.0166"" (-20.10) -0.0158" (-16.27) -0.0109™ (-13.88) | -0.0142"" (-13.63)
Phasel., 0.000409 (5.50)
Phasell, 0.000282" (2.43)
Phaselll, 0.000338" (2.09)
Patents,, -0.00000407" (-3.14)
Launched,, -0.0000867" (-2.05)
Prereg,, -0.00000380 (-0.16)
Year dummies | Yes Yes Yes Yes Yes Yes
B, 0.451" (20.32) 0.427" (22.88) 0.442" (21.93) 0.446™ (20.17) 0.346™ (16.87) 0.391™ (16.97)
N 2096 2484 2462 2487 1540 1115
R? 0.267 0.267 0.254 0.194 0.218 0.220

Note: t statistics in parentheses. “p<0.05, “ p<0.01, ™ p<0.001. Heteroscedasticity and autocorrelation robust standard errors are employed (see
Appendix C).

https://doi.org/10.1371/journal.pone.0334970.t003

Contrary to Hypothesis 1, we find that patent grants are associated with a small but statistically significant reduction in
idiosyncratic volatility (3=-0.00000407, t=-3.14, p<0.01). While the coefficient’'s magnitude appears modest, the eco-
nomic interpretation requires careful consideration. Given the annual nature of our patent data and the substantial varia-
tion in patent activity across firms, this effect represents a meaningful risk reduction for firms with active patent portfolios.
For a firm experiencing a one-standard-deviation increase in patent activity (approximately 33 patents), the model predicts
a reduction in annualized IVOL of approximately 0.00013, representing about 0.08% of the sample mean volatility.

The pharmaceutical development phase results provide strong support for Hypothesis 2, revealing that the relationship
between innovation and risk varies significantly across development stages. Phase | projects show a positive association
with volatility (3=0.000409, t=5.50, p<0.01), consistent with the high uncertainty inherent in early-stage drug develop-
ment. Phase Il projects maintain a smaller but significant positive effect (3=0.000282, t=2.43, p<0.05), while Phase llI
projects show a positive coefficient (3=0.000338, t=2.09, p<0.05).

These findings suggest that ongoing development activities, regardless of stage, introduce some degree of firm-
specific uncertainty, likely reflecting the substantial resource commitments and uncertain outcomes associated with
pharmaceutical R&D. However, the gradient across phases is less pronounced than hypothesized, indicating that risk
reduction primarily occurs at the commercialization stage rather than during development.

The analysis of post-development activities provides the strongest support for our risk-reduction hypothesis. Newly
launched products demonstrate a significant negative relationship with volatility (3=-0.000867, t=-2.05, p<0.05), indicat-
ing that successful market entry substantially reduces firm-specific risk. This effect aligns with our theoretical framework,
where the transition from uncertain development outcomes to realized market performance reduces information asymme-
try and stabilizes investor expectations.

Pre-registration products show a negative but statistically insignificant effect (3=-0.000380, t=-0.16), suggesting that
regulatory approval processes may not provide sufficient certainty to meaningfully reduce volatility until actual market
launch occurs.

The control variables perform consistently with expectations across all model specifications. Firm size exhibits a strong
negative relationship with volatility (coefficients ranging from —-0.0109 to —0.0167, all significant at p<0.01), confirming that
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larger firms experience lower idiosyncratic risk. Firm age shows a consistently negative and significant relationship with
volatility across most models, supporting the hypothesis that operational maturity reduces firm-specific uncertainty.

The explanatory power of our models, while modest (R? ranging from 0.154 to 0.267), is consistent with prior studies of
idiosyncratic volatility in innovation-intensive industries. The relatively low R? values reflect the inherently noisy nature of
firm-specific volatility and suggest that patent-related factors, while statistically significant, represent only one component
of the complex risk environment facing pharmaceutical firms.

To validate the temporal stability of our findings, we conduct subsample analyses during two critical stress periods: the
2008-09 global financial crisis and the COVID-19 pandemic (2020-2021). These analyses, presented in Table 4, are the-
oretically important because crisis conditions typically amplify volatility and may alter how markets process patent-related
information.

During the financial crisis, the core relationships maintain their statistical significance and directional consistency.
Notably, the risk-reducing effects of advanced-stage projects appear amplified during this period, suggesting that investors
place premium value on the certainty provided by late-stage developments when market-wide uncertainty is elevated. The
persistence of patent effects during a period of general market distress supports our interpretation that these relationships
reflect fundamental economic mechanisms rather than period-specific sentiment.

The pandemic period provides a particularly stringent test of our hypotheses, given the unprecedented focus on phar-
maceutical innovation and accelerated regulatory processes. Our key findings remain robust during this period, with pat-
ent activity continuing to demonstrate risk-reducing effects even amid dramatically altered industry dynamics. This stability
reinforces our conclusion that patents serve as fundamental risk-mitigating assets rather than merely reflecting favorable
market sentiment toward pharmaceutical innovation.

The consistency of results across these diverse market conditions strengthens confidence in our main conclusions and
suggests that the patent-volatility relationship reflects persistent structural features of the pharmaceutical industry rather
than time-specific or market-condition-dependent phenomena.

To ensure our findings are not driven by omitted variable bias, we conducted additional robustness checks incorpo-
rating alternative control variables (X, Y, Z) that could potentially influence both patent activity and firm-specific risk. The
inclusion of these theoretically motivated controls does not materially alter our core conclusions. The patent-volatility
relationship maintains its statistical significance and economic magnitude across all augmented specifications, with coeffi-
cient estimates remaining within acceptable bounds of our baseline results. These findings strengthen confidence that our
results reflect genuine patent-related risk effects rather than spurious correlations with unobserved firm characteristics.

Discussion

This study provides novel empirical evidence on the relationship between patent activity and idiosyncratic volatility in

the U.S. pharmaceutical industry, revealing complex dynamics that both support and challenge existing theoretical
frameworks. Our findings demonstrate that patents play a significant stabilizing role in reducing firm-specific risk, with the
coefficient indicating that increased patenting is associated with lower idiosyncratic volatility. This result aligns with the
theoretical prediction that patents reduce market uncertainty by securing exclusive rights to commercialize innovations,
thereby providing clearer expectations about future cash flows.

Our findings provide mixed support for existing theoretical frameworks in the innovation-finance literature. The core
result that patents reduce idiosyncratic volatility aligns with the argument by Alshammasi and Almomen (6) that successful
innovation outputs like patents can decrease firm-specific risks by reducing information uncertainty. This relationship sup-
ports the notion that patents function as stabilizing assets in uncertain industries, providing investors with tangible indica-
tors of a firm’s technological capabilities and future revenue potential.

The progressive risk reduction observed as projects advance through development phases is consistent with findings
by Mazzucato and Tancioni (7) that innovation-driven volatility tends to decrease as projects near commercialization. Our
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Table 4. Crisis and COVID-prone idiosyncratic volatility.

(1)

()

()

(4)

(©)

(6)

IVOL,, IVOL IVOL IVOL IVOL,, IVOL,,
Panel A: 2008-09
Financial Crisis
phasel 0.000989" (2.25)
age 0.000207 (0.85) -0.000406 -0.000761 (-1.91) | -0.00101" (-2.50) 0.000375 (1.18) -0.000279 (-1.38)
(-1.14)
size -0.0239™ (-6.38) | -0.0208™ (-5.93) | -0.0246™ (-6.26) |—-0.0191'(-2.57) -0.0135" (-5.16) | -0.0147" (-6.95)
phasell 0.0000421 (0.06)
phaselll 0.00113 (1.21)
patents 0.0000683 (0.56)
prereg 0.0000668 (0.94)
Time fixed effects Yes Yes Yes Yes Yes Yes
B, 0.624 (8.14) 0.594™ (8.76) 0.676™ (8.28) 0.559™ (3.88) 0.421 (7.78) 0.446™ (9.94)
N 78 97 91 72 68 107
R? 0.433 0.310 0.257 0.185 0.346 0.291
F stat., p-val. 0.00 0.00 0.00 0.00 0.00 0.00
Panel B: COVID
periods
M 2 ®) “4) ®) (6)
IVOL,, IVOL,, IVOL,, IVOL,, IVOL,, IVOL,,
phasel 0.0000899 (0.43)
Age -0.000413" -0.000284" -0.000536™" -0.000463" (-2.41) | -0.000142 (-0.68) |-0.000671"(-5.37)
(-2.82) (-2.31) (-3.34)
Size -0.0148" (-7.14) | -0.0137" (-7.77) | -0.0129™ (-6.22) |-0.0134™ (-5.91) -0.0150" (-2.82) -0.0105" (—-4.96)
phaseii 0.0000381 (0.17)
phaseiii -0.000427 (-0.81)
patents -0.0000717 (-1.60)
Prereg 0.000440 (0.84)
launched -0.0000583
Time fixed effects Yes Yes Yes Yes Yes (-0.44) Yes
B, 0.470™ (10.97) 0.435" (12.14) 0.435" (10.66) 0.441™ (9.79) 0.450"(4.00) 0.360™ (8.09)
N 412 449 450 471 166 230
R? 0.188 0.182 0.154 0.103 0.120 0.191
F stat., p-val. 0.00 0.00 0.00 0.00 0.00 0.00

Note: t statistics in parentheses. * p<0.05, ™ p<0.01,

ok

p<0.001. Heteroscedasticity and autocorrelation robust standard errors are employed. Note: t

statistics in parentheses. “* p<0.05, * p<0.01, ™ p<0.001. Heteroscedasticity and autocorrelation robust standard errors are employed.

https://doi.org/10.1371/journal.pone.0334970.t004

results extend this framework by providing granular evidence of how different stages of the pharmaceutical development
process contribute to this risk evolution. The finding that Phase Il projects and newly launched products most strongly
reduce volatility supports the theoretical prediction that uncertainty diminishes as regulatory and technical risks are pro-

gressively resolved.

However, our findings contrast with some aspects of the framework proposed by Hirshleifer, Hsu (5), which suggested
that innovation increases firm-specific risk due to market uncertainties about technological outcomes. The divergence
in our results may stem from the specific characteristics of the pharmaceutical industry, where patent approvals often
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coincide with significant regulatory milestones that substantially reduce perceived risks. Unlike sectors where patents may
not directly indicate market readiness, pharmaceutical patents serve as critical signals of a firm’s proximity to revenue
generation, thereby exerting stronger stabilizing influences on investor expectations.

Our finding that patent expirations contribute to increased volatility provides empirical support for the theoretical
framework outlined by Arroyabe (50), who discussed the heightened competitive pressures and loss of market exclusiv-
ity associated with patent cliffs. This phenomenon underscores the dual nature of patents in the pharmaceutical indus-
try—while they provide protection and stability during their active period, their approaching expiration creates anticipatory
uncertainty that manifests in increased firm-specific volatility. This result highlights the temporal dimension of patent value
and suggests that effective patent portfolio management requires attention to both current protection and future expiration
schedules.

While our results provide strong evidence for patent-related risk effects, several alternative explanations warrant
consideration in interpreting these findings. Market sentiment toward the pharmaceutical sector represents one potential
confounding factor, as changes in investor perceptions of the industry could drive fluctuations in idiosyncratic volatility inde-
pendently of firm-specific patent activities. Periods of heightened optimism about drug development breakthroughs might
reduce volatility across the sector, potentially coinciding with increased patent activity and creating spurious correlations.

The regulatory environment presents another important consideration, given the heavily regulated nature of pharma-
ceutical innovation. Changes in FDA approval processes, healthcare policies, or patent laws could significantly impact
firm-specific risk while occurring concurrently with changes in patent activity. Our crisis-period analyses partially address
this concern by demonstrating relationship stability across different regulatory and market environments, but future
research could benefit from more explicit modeling of regulatory regime changes.

Firm-specific factors not fully captured in our control variables represent a third category of potential confounders.
Management quality, R&D process efficiency, and overall innovation strategy might simultaneously influence both patent
output and stock price stability. While we controlled for firm size and age, other less tangible organizational capabilities
could be driving the observed relationships.

The broader economic environment provides a fourth potential explanation, as economic cycles might influence both
innovation strategies and stock market volatility. During economic downturns, firms might reduce R&D spending and
patent activity while market volatility generally increases, creating negative correlations that could be misinterpreted as
causal relationships.

Finally, changes in investor behavior and market dynamics over our study period could alter how patent information is
incorporated into stock prices. The evolution of investor sophistication, the proliferation of algorithmic trading, and chang-
ing risk appetites could all influence the observed relationship between patents and volatility, potentially affecting the
stability of our findings across different time periods.

For investors, our findings highlight the importance of incorporating patent portfolio analysis into pharmaceutical
investment strategies. The evidence that patents reduce idiosyncratic volatility suggests that firms with robust intellectual
property positions may offer more stable investment opportunities, particularly valuable for risk-averse investors or those
seeking to reduce portfolio volatility. However, investors should consider the temporal dynamics of patent protection, as
approaching expirations may signal periods of increased uncertainty requiring careful portfolio adjustment.

The differential effects across development phases provide additional guidance for investment timing and risk assess-
ment. Our results suggest that firms with substantial Phase Il pipelines and recent product launches may offer lower
firm-specific risk profiles, while those heavily concentrated in early-stage development may require higher risk premiums
despite their growth potential.

Pharmaceutical managers can leverage these insights to optimize innovation strategies and communicate effectively
with financial markets. The finding that advanced-stage projects reduce volatility suggests potential value in main-
taining balanced development portfolios that combine high-risk early-stage research with more predictable late-stage
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development activities. This portfolio approach could help stabilize firm-specific risk while maintaining innovation pipeline
flow.

The demonstrated relationship between patents and reduced volatility also suggests that effective intellectual property
management extends beyond legal protection to encompass financial risk management. Companies might consider timing
patent announcements and portfolio communications to coincide with periods of market uncertainty, potentially leveraging
the stabilizing effects of patent information to maintain investor confidence.

Policymakers can draw on our findings to formulate regulatory frameworks that balance innovation incentives with mar-
ket stability concerns. The evidence that patents reduce firm-specific risk supports the continuation of strong intellectual
property protection as a mechanism for encouraging pharmaceutical innovation while maintaining stable investment envi-
ronments. However, policymakers should also consider the potential market disruption associated with patent expirations
and explore mechanisms to smooth these transitions.

The relationship between development phase advancement and risk reduction suggests that regulatory policies affect-
ing clinical trial processes and approval timelines could have significant implications for market stability. Policies that
provide greater predictability in regulatory processes might enhance the volatility-reducing effects of advanced-stage
development activities, potentially improving capital allocation efficiency in pharmaceutical markets.

Study limitations and boundary conditions

Our analysis is subject to several important limitations that define the boundaries of our conclusions. The geographic
focus on U.S. pharmaceutical markets limits generalizability to other regulatory environments and patent systems, where
different institutional frameworks might alter the patent-volatility relationship. The pharmaceutical industry’s unique charac-
teristics—particularly its high R&D intensity, lengthy development cycles, and strong patent dependence—may not extend
to other innovation-intensive sectors.

Our reliance on patent counts as innovation measures, while standard in the literature, does not account for heteroge-
neity in patent quality or impact. Some patents may have substantially greater market significance than others, potentially
creating measurement error that could bias our estimates toward zero and understate the true economic relationships.

The econometric approach, while robust to many potential confounds, may not capture all complexities of market
reactions to patent events. Factors such as investor sentiment, competitive dynamics, and broader industry trends could
influence volatility patterns beyond the scope of our model specifications.

Finally, our sample period encompasses significant structural changes in both pharmaceutical markets and financial
markets more broadly. While our crisis-period analyses suggest relationship stability, longer-term evolutionary changes in
market structure, investor behavior, or regulatory frameworks could affect the sustainability of the patterns we document.

Despite these limitations, our findings provide robust evidence for the risk-mitigating role of patents in pharmaceutical
markets and offer valuable insights for stakeholders navigating the complex intersection of innovation and financial risk in
this critical industry.

Conclusion

This study examines the relationship between patent activity and idiosyncratic volatility in the U.S. pharmaceutical indus-
try, addressing a critical gap in the innovation-finance literature. Through comprehensive empirical analysis using the
Fama-French 5-factor model and panel data spanning 2005-2024, we provide novel evidence on how intellectual property
influences firm-specific risk in innovation-intensive markets.

Our findings establish that patents serve dual functions as both innovation protectors and financial risk stabilizers. Pat-
ent activity demonstrates a significant negative association with idiosyncratic volatility, supporting theoretical predictions
that intellectual property reduces market uncertainty by providing clearer expectations about future cash flows. The anal-
ysis across pharmaceutical development phases reveals important temporal dynamics in the innovation-risk relationship,
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showing that while early-stage development activities introduce uncertainty, successful commercialization significantly
reduces firm-specific volatility.

This research makes several important contributions to existing literature. It provides the first direct empirical evidence
linking patent activity to firm-specific volatility in pharmaceuticals, introduces granular analysis of how different develop-
ment stages affect risk over time, and reconciles conflicting theoretical perspectives on whether innovation increases or
decreases firm-level uncertainty. The findings demonstrate that innovation initially elevates risk but ultimately stabilizes it
through successful patent protection and market entry.

The implications extend to multiple stakeholder groups. Investors can incorporate patent portfolio considerations into
risk assessment frameworks, managers can optimize innovation strategies to balance research potential with volatility
management, and policymakers can design regulatory frameworks that support both innovation incentives and market
stability. The demonstrated relationship between patent activity and risk reduction emphasizes the strategic importance of
intellectual property management beyond traditional legal protection.

While the study’s focus on U.S. pharmaceutical markets and reliance on patent counts rather than quality measures
present limitations, the findings provide robust empirical foundation for understanding innovation-finance dynamics. Future
research should explore these relationships across different regulatory environments and industries to establish broader
theoretical frameworks.

This study establishes patent activity as a fundamental determinant of firm-specific risk, offering valuable insights for
stakeholders navigating the complex intersection of innovation and financial uncertainty in high-stakes industries where
sustainable growth requires careful balance between research investment and market stability.

Author contributions

Conceptualization: Fethiye Burcu Turkmen Ceylan.
Data curation: Hasan Murat Ertugrul, Ahmet Yasir Barak.
Formal analysis: Omer Tugsal Doruk.

Methodology: Emre Atilgan.

Supervision: Fethiye Burcu Turkmen Ceylan.
Validation: Hasan Murat Ertugrul.

Writing — original draft: Emre Atilgan.

Writing — review & editing: Fethiye Burcu Turkmen Ceylan, Emre Atilgan, Omer Tugsal Doruk, Hasan Murat Ertugrul,
Ahmet Yasir Barak.

References

1. Campbell JY, Lettau M, Malkiel BG, Xu Y. Have individual stocks become more volatile? An empirical exploration of idiosyncratic risk. J Finan.
2001;56(1):1-43. https://doi.org/10.1111/0022-1082.00318

2. AngA, Hodrick RJ, Xing Y, Zhang X. The cross-section of volatility and expected returns. J Finan. 2006;61(1):259-99. https://doi.
org/10.1111/j.1540-6261.2006.00836.x

Xu'Y, Malkiel BG. Investigating the behavior of idiosyncratic volatility*. J Bus. 2003;76(4):613—45. https://doi.org/10.1086/377033
Fama EF. Efficient capital markets: a review of theory and empirical work. J Finan. 1970;25(2):383. https://doi.org/10.2307/2325486
Hirshleifer D, Hsu P-H, Li D. Innovative efficiency and stock returns. J Finan Econ. 2013;107(3):632—-54. https://doi.org/10.1016/}.jfineco.2012.09.011

Alshammasi NM, Almomen AA. Innovation output and idiosyncratic volatility: US evidence. J Risk Finan Manag. 2022;16(1):24. https://doi.
org/10.3390/jrfm16010024

7. Mazzucato M, Tancioni M. Innovation and idiosyncratic risk: an industry- and firm-level analysis. Indus Corp Change. 2008;17(4):779-811. https://
doi.org/10.1093/icc/dtn024

U

PLOS One | https://doi.org/10.137 1/journal.pone.0334970 October 27, 2025 18721



https://doi.org/10.1111/0022-1082.00318
https://doi.org/10.1111/j.1540-6261.2006.00836.x
https://doi.org/10.1111/j.1540-6261.2006.00836.x
https://doi.org/10.1086/377033
https://doi.org/10.2307/2325486
https://doi.org/10.1016/j.jfineco.2012.09.011
https://doi.org/10.3390/jrfm16010024
https://doi.org/10.3390/jrfm16010024
https://doi.org/10.1093/icc/dtn024
https://doi.org/10.1093/icc/dtn024

PLO\S\% One

1.
12.

13.
14.
15.
16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.
36.

37.

He M, Estébanez RP. Exploring the Relationship between R&D Investment and Business Performance—An Empirical Analysis of Chinese ICT
SMEs. Sustainability. 2023;15(6):5142. https://doi.org/10.3390/su15065142

Kumar P, Li D. Innovation, stock market feedback and good idiosyncratic volatility. SSRN Journal. 2018. https://doi.org/10.2139/ssrn.3160243

Cockburn I, Long G. The importance of patents to innovation: updated cross-industry comparisons with biopharmaceuticals. Expert Opin Ther Pat.
2015;25(7):739-42. https://doi.org/10.1517/13543776.2015.1040762 PMID: 25927945

Blakey P. The efficient market approximation. IEEE Microwave. 2006;7(1):28-31. https://doi.org/10.1109/mmw.2006.1614226

Oppenheimer HR, Schlarbaum GG. Investing with ben graham: an ex ante test of the efficient markets hypothesis. J Finan Quant Anal.
1981;16(3):341. https://doi.org/10.2307/2330242

Finnerty JE. Insiders and market efficiency. J Finan. 1976;31(4):1141-8. https://doi.org/10.1111/.1540-6261.1976.tb01965.x
AitSahlia F, Yoon J-H. Information stages in efficient markets. J Bank Finan. 2016;69:84—94. https://doi.org/10.1016/j.jpbankfin.2016.04.003
Mace C. The real effects of equity markets on innovation. J Financ Quant Anal. 2022;58(6):2522—52. https://doi.org/10.1017/s0022109022001053

Colin-Jaeger N, Delcey T. When efficient market hypothesis meets Hayek on information: beyond a methodological reading. J Econ Methodol.
2019;27(2):97—116. https://doi.org/10.1080/1350178x.2019.1675896

Antofanzas F, Juarez-Castell6 C, Rodriguez-lbeas R. Pharmaceutical patents, R&D incentives and access to new drugs: new ways of progress at
the crossroad. Eur J Health Econ. 2011;12(5):393-5. https://doi.org/10.1007/s10198-011-0336-9 PMID: 21701939

Guo 'Y, Hu Y, Zheng M, Wang Y. Patent indicators: a window to pharmaceutical market success. Expert Opin Ther Pat. 2013;23(7):765-71. https://
doi.org/10.1517/13543776.2013.792806 PMID: 23611022

Weingarten MD, Cyr SK. Securing and maintaining a strong patent portfolio for pharmaceuticals. ACS Med Chem Lett. 2019;10(6):838—40. https://
doi.org/10.1021/acsmedchemlett.9b00201 PMID: 31223433

Glover GJ. The influence of market exclusivity on drug availability and medical innovations. AAPS J. 2007;9(3):E312-6. https://doi.org/10.1208/
aapsj0903034 PMID: 17915833

Jones N. Patents discipline is key to securing big pharma investment. Drug Discov Today. 2012;17(1-2):1-2. https://doi.org/10.1016/].dru-
dis.2011.11.004 PMID: 22138380

Magazzini L, Pammolli F, Riccaboni M, Rossi MA. Patent disclosure and R&D competition in pharmaceuticals. Econ Innov New Technol.
2009;18(5):467—-86. https://doi.org/10.1080/10438590802547183

Holgersson M, Phan T, Hedner T. Entrepreneurial patent management in pharmaceutical startups. Drug Discov Today. 2016;21(7):1042-5. https://
doi.org/10.1016/j.drudis.2016.02.018 PMID: 26948802

Dosi G, Palagi E, Roventini A, Russo E. Do patents really foster innovation in the pharmaceutical sector? Results from an evolutionary, agent-
based model. J Econ Behav Org. 2023;212:564—-89. https://doi.org/10.1016/j.jebo0.2023.05.039

Izhar Baranes A. Financialization in the American pharmaceutical industry: a veblenian approach. J Econ Issues. 2017;51(2):351-8. https://doi.org/
10.1080/00213624.2017.1320895

Veblen T. On the nature of capital: investment, intangible assets, and the pecuniary magnate. Quart J Econ. 1908;23(1):104. https://doi.
org/10.2307/1883967

Doruk OT. Veblen on the crossroad: global pharmaceuticals and financialization of vaccine production in the pandemic period. J Econ Issues.
2024;58(3):825—-39. https://doi.org/10.1080/00213624.2024.2382026

Mazzucato M. Building the entrepreneurial state: a new framework for envisioning and evaluating a mission-oriented public sector. SSRN Journal.
2015. https://doi.org/10.2139/ssrn.2544707

Gagnon M-A. Capital, power and knowledge according to thorstein veblen: reinterpreting the knowledge-based economy. J Econ Issues.
2007;41(2):593-600. https://doi.org/10.1080/00213624.2007.11507049

Ertugrul M, Krishnan K, Xu B, Yu Q. Corporate patenting, customer capital, and financial market outcomes. J Financ Quant Anal. 2023;59(5):2425—
58. https://doi.org/10.1017/s0022109023000194

Cerulli G, Marin G, Pierucci E, Poti B. Do company-owned academic patents influence firm performance? Evidence from the Italian industry. J
Technol Transf. 2021;47(1):242—-69. https://doi.org/10.1007/s10961-020-09840-3

Chih-Yi S, Bou-Wen L. Attack and defense in patent-based competition: a new paradigm of strategic decision-making in the era of the fourth indus-
trial revolution. Technol Forecast Soc Change. 2021;167:120670. https://doi.org/10.1016/j.techfore.2021.120670

Choi D, Kim Y. Market share and firms’ patent exploitation. Technovation. 2018;72—-73:13-23. https://doi.org/10.1016/j.technovation.2017.12.001

Lin J-H, Wang M-Y. Complementary assets, appropriability, and patent commercialization: market sensing capability as a moderator. Asia Pacific
Manag Rev. 2015;20(3):141-7. https://doi.org/10.1016/j.apmrv.2014.12.013

Kwon JH, Park HD, Deng S. When do firms trade patents?. Org Sci. 2022;33(3):1212-31. https://doi.org/10.1287/orsc.2021.1471

Barontini R, Taglialatela J. Patents and small business risk: longitudinal evidence from the global financial crisis. J Small Busin Enterp Develop.
2021;29(2):279-92. https://doi.org/10.1108/jsbed-05-2021-0203

Milani S, Neumann R. R&D, patents, and financing constraints of the top global innovative firms. J Econ Behav Org. 2022;196:546—67. https://doi.
org/10.1016/j.jebo.2022.02.016

PLOS One | https:/doi.org/10.1371/journal.pone.0334970  October 27, 2025 19/21



https://doi.org/10.3390/su15065142
https://doi.org/10.2139/ssrn.3160243
https://doi.org/10.1517/13543776.2015.1040762
http://www.ncbi.nlm.nih.gov/pubmed/25927945
https://doi.org/10.1109/mmw.2006.1614226
https://doi.org/10.2307/2330242
https://doi.org/10.1111/j.1540-6261.1976.tb01965.x
https://doi.org/10.1016/j.jbankfin.2016.04.003
https://doi.org/10.1017/s0022109022001053
https://doi.org/10.1080/1350178x.2019.1675896
https://doi.org/10.1007/s10198-011-0336-9
http://www.ncbi.nlm.nih.gov/pubmed/21701939
https://doi.org/10.1517/13543776.2013.792806
https://doi.org/10.1517/13543776.2013.792806
http://www.ncbi.nlm.nih.gov/pubmed/23611022
https://doi.org/10.1021/acsmedchemlett.9b00201
https://doi.org/10.1021/acsmedchemlett.9b00201
http://www.ncbi.nlm.nih.gov/pubmed/31223433
https://doi.org/10.1208/aapsj0903034
https://doi.org/10.1208/aapsj0903034
http://www.ncbi.nlm.nih.gov/pubmed/17915833
https://doi.org/10.1016/j.drudis.2011.11.004
https://doi.org/10.1016/j.drudis.2011.11.004
http://www.ncbi.nlm.nih.gov/pubmed/22138380
https://doi.org/10.1080/10438590802547183
https://doi.org/10.1016/j.drudis.2016.02.018
https://doi.org/10.1016/j.drudis.2016.02.018
http://www.ncbi.nlm.nih.gov/pubmed/26948802
https://doi.org/10.1016/j.jebo.2023.05.039
https://doi.org/10.1080/00213624.2017.1320895
https://doi.org/10.1080/00213624.2017.1320895
https://doi.org/10.2307/1883967
https://doi.org/10.2307/1883967
https://doi.org/10.1080/00213624.2024.2382026
https://doi.org/10.2139/ssrn.2544707
https://doi.org/10.1080/00213624.2007.11507049
https://doi.org/10.1017/s0022109023000194
https://doi.org/10.1007/s10961-020-09840-3
https://doi.org/10.1016/j.techfore.2021.120670
https://doi.org/10.1016/j.technovation.2017.12.001
https://doi.org/10.1016/j.apmrv.2014.12.013
https://doi.org/10.1287/orsc.2021.1471
https://doi.org/10.1108/jsbed-05-2021-0203
https://doi.org/10.1016/j.jebo.2022.02.016
https://doi.org/10.1016/j.jebo.2022.02.016

PLO\S\% One

38.

39.

40.
41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.

60.
61.

62.

63.

64.

65.

Kimmel RK, Antenucci R, Hasan S. Investor perception and business method patents: A natural experiment. Economic Analysis and Policy.
2017;54:26—48. https://doi.org/10.1016/j.eap.2017.01.007

Zhang L, Guo Y, Sun G. How patent signals affect venture capital: the evidence of bio-pharmaceutical start-ups in China. Technol Forecast Soc
Change. 2019;145:93-104. https://doi.org/10.1016/j.techfore.2019.05.013

Frey CB, Neuhausler P, Blind K. Patents and corporate credit risk. Industr Corp Change. 2019. https://doi.org/10.1093/icc/dtz040

Hochberg Y, Serrano C, Ziedonis R. Patent collateral, investor commitment, and the market for venture lending. National Bureau of Economic
Research; 2014.

Xie L, Liu G, Liu B. Patent pledge policy and stock price crash risk: evidence from China. Res Inter Business Finan. 2023;65:101967. https://doi.
org/10.1016/j.ribaf.2023.101967

Chu PK, Kjenstad EC. Idiosyncratic risk and debt maturity dispersion. Euro Finan Manag. 2022;29(3):930-52. https://doi.org/10.1111/eufm.12380

Patel PC, Sahi GK. Al patent approvals in service firms, patent radicalness, and stock market reaction. J Serv Res. 2024;28(2):318-35. https://doi.
org/10.1177/1094670524 1230840

Cho J, Singh M, Lo AW. How does news affect biopharma stock prices?: an event study. PLoS One. 2024;19(1):e0296927. https://doi.org/10.1371/
journal.pone.0296927 PMID: 38277362

Liu D, Pu X, Schramm ME. Stock market response to strategic technical alliances between drug and biotechnology firms. J of Product Innov
Manag. 2015;33(5):549-69. https://doi.org/10.1111/jpim.12305

Nam S, Nam C, Kim S. The impact of patent litigation on shareholder value in the smartphone industry. Technol Forecast Soc Change.
2015;95:182-90. https://doi.org/10.1016/j.techfore.2015.01.015

Raghu TS, Woo W, Mohan SB, Rao HR. Market reaction to patent infringement litigations in the information technology industry. Inf Syst Front.
2007;10(1):61-75. https://doi.org/10.1007/s10796-007-9036-5

Kruppert R. Dispute the patent, short the stock: empirical analysis of a new hedge fund strategy. Inter Rev Law Econ. 2017;50:25-35. https://doi.
org/10.1016/j.irle.2017.04.003

Arroyabe MF. The role of patent expiration in acquisition decision and target selection in the pharmaceutical industry. R D Manag. 2021;51(5):521—
37. https://doi.org/10.1111/radm.12462

Bekaert G, Hodrick RJ, Zhang X. Aggregate idiosyncratic volatility. J Financ Quant Anal. 2012;47(6):1155-85. https://doi.org/10.1017/
s0022109012000543

Cam S, Uzkaralar O, Borak M. Idiosyncratic risk and market volatility: Threat or opportunity for returns? A study of Borsa Istanbul stocks. Borsa
Istanbul Rev. 2024;24(4):698-709. https://doi.org/10.1016/j.bir.2024.04.001

Aabo T, Pantzalis C, Park JC. ldiosyncratic volatility: an indicator of noise trading?. J Bank Finan. 2017;75:136-51. https://doi.org/10.1016/].
jbankfin.2016.11.003

McAleer M, Chan F, Marinova D. An econometric analysis of asymmetric volatility: theory and application to patents. J Econometr.
2007;139(2):259-84. https://doi.org/10.1016/j.jeconom.2006.10.014

Chen Y-L, Wang M-C, Lin J-B, Huang M-C. How financial crises affect the relationship between idiosyncratic volatility and stock returns. Inter Rev
Econ Finan. 2022;80:96—113. https://doi.org/10.1016/].iref.2022.02.024

Li X, Wang T. Investor reaction to R&D investment. Inter J Innov Sci. 2016;8(2):133—47. hitps://doi.org/10.1108/ijis-06-2016-009

Chan F, Marinova D, McAleer M. Modelling the asymmetric volatility of anti-pollution patents in the USA. Scientometrics. 2004;59(2):179-97.
https://doi.org/10.1023/b:scie.0000018527.22276.10

Cho Y, Kim M. Entropy and gravity concepts as new methodological indexes to investigate technological convergence: patent network-based
approach. PLoS One. 2014;9(6):€98009. https://doi.org/10.1371/journal.pone.0098009 PMID: 24914959

Tseng Y-H, Lin C-J, Lin Y-I. Text mining techniques for patent analysis. Inform Process Manag. 2007;43(5):1216—47. https://doi.org/10.1016/j.
ipm.2006.11.011

Mazzucato M, Tancioni M. R&D, patents and stock return volatility. J Evolut Econ. 2012;22(4):811-32. https://doi.org/10.1007/s00191-012-0289-x
Zaremba A, Czapkiewicz A, Bedowska-Sojka B. Idiosyncratic volatility, returns, and mispricing: no real anomaly in sight. Finan Res Lett.
2018;24:163-7. https://doi.org/10.1016/j.fr.2017.09.002

Hasan MM, Chen XC. Strategic deviation and idiosyncratic return volatility. Finan Res Lett. 2023;54:103731. https://doi.org/10.1016/j.
frl.2023.103731

Abdoh H, Varela O. Product market competition, idiosyncratic and systematic volatility. J Corp Finan. 2017;43:500—13. https://doi.org/10.1016/].
jcorpfin.2017.02.009

Hsu P-H, Lee H-H, Zhou T. Patent thickets, stock returns, and conditional CAPM. Manag Sci. 2022;68(11):8343—67. https://doi.org/10.1287/
mnsc.2021.4229

Yu F, Wu Y, Chen J. Biases in patent examination and firms’ responses: Evidence from the pharmaceutical industry. China Econ J. 2016;9(2):101—
15. https://doi.org/10.1080/17538963.2016.1160535

PLOS One | https://doi.org/10.1371/journal.pone.0334970  October 27, 2025 20/ 21



https://doi.org/10.1016/j.eap.2017.01.007
https://doi.org/10.1016/j.techfore.2019.05.013
https://doi.org/10.1093/icc/dtz040
https://doi.org/10.1016/j.ribaf.2023.101967
https://doi.org/10.1016/j.ribaf.2023.101967
https://doi.org/10.1111/eufm.12380
https://doi.org/10.1177/10946705241230840
https://doi.org/10.1177/10946705241230840
https://doi.org/10.1371/journal.pone.0296927
https://doi.org/10.1371/journal.pone.0296927
http://www.ncbi.nlm.nih.gov/pubmed/38277362
https://doi.org/10.1111/jpim.12305
https://doi.org/10.1016/j.techfore.2015.01.015
https://doi.org/10.1007/s10796-007-9036-5
https://doi.org/10.1016/j.irle.2017.04.003
https://doi.org/10.1016/j.irle.2017.04.003
https://doi.org/10.1111/radm.12462
https://doi.org/10.1017/s0022109012000543
https://doi.org/10.1017/s0022109012000543
https://doi.org/10.1016/j.bir.2024.04.001
https://doi.org/10.1016/j.jbankfin.2016.11.003
https://doi.org/10.1016/j.jbankfin.2016.11.003
https://doi.org/10.1016/j.jeconom.2006.10.014
https://doi.org/10.1016/j.iref.2022.02.024
https://doi.org/10.1108/ijis-06-2016-009
https://doi.org/10.1023/b:scie.0000018527.22276.10
https://doi.org/10.1371/journal.pone.0098009
http://www.ncbi.nlm.nih.gov/pubmed/24914959
https://doi.org/10.1016/j.ipm.2006.11.011
https://doi.org/10.1016/j.ipm.2006.11.011
https://doi.org/10.1007/s00191-012-0289-x
https://doi.org/10.1016/j.frl.2017.09.002
https://doi.org/10.1016/j.frl.2023.103731
https://doi.org/10.1016/j.frl.2023.103731
https://doi.org/10.1016/j.jcorpfin.2017.02.009
https://doi.org/10.1016/j.jcorpfin.2017.02.009
https://doi.org/10.1287/mnsc.2021.4229
https://doi.org/10.1287/mnsc.2021.4229
https://doi.org/10.1080/17538963.2016.1160535

PLO\S\%- One

66.

67.
68.

69.
70.
7.

72.

DiMasi JA, Grabowski HG, Hansen RW. Innovation in the pharmaceutical industry: New estimates of R&D costs. J Health Econ. 2016;47:20-33.
https://doi.org/10.1016/j.jhealeco.2016.01.012 PMID: 26928437

Fama EF, French KR. A five-factor asset pricing model. J Finan Econ. 2015;116(1):1-22. https://doi.org/10.1016/].jffineco.2014.10.010

Fama EF, French KR. Common risk factors in the returns on stocks and bonds. J Finan Econ. 1993;33:3-56. https://doi.
0rg/10.1016/0304-405X(93)90023-5

Pastor L, Pietro V. Stock valuation and learning about profitability. J Finan. 2003;58(5):1749-89. https://doi.org/10.1111/1540-6261.00587
Hasan MM, Habib A. Firm life cycle and idiosyncratic volatility. Intern Rev Finan Anal. 2017;50:164—75. https://doi.org/10.1016/j.irfa.2017.01.003

Liu H, Zhang Q. Firm age and realized idiosyncratic return volatility in China: the role of short-sales constraints. Inter Rev Finan Anal.
2021;75:101745. https://doi.org/10.1016/}.irfa.2021.101745

Fink J, Grullon G, Fink K, Weston JP. Firm age and fluctuations in idiosyncratic risk. SSRN Journal. 2004. https://doi.org/10.2139/ssrn.891173

PLOS One | https:/doi.org/10.1371/journal.pone.0334970  October 27, 2025 21/21



https://doi.org/10.1016/j.jhealeco.2016.01.012
http://www.ncbi.nlm.nih.gov/pubmed/26928437
https://doi.org/10.1016/j.jfineco.2014.10.010
https://doi.org/10.1016/0304-405X(93)90023-5
https://doi.org/10.1016/0304-405X(93)90023-5
https://doi.org/10.1111/1540-6261.00587
https://doi.org/10.1016/j.irfa.2017.01.003
https://doi.org/10.1016/j.irfa.2021.101745
https://doi.org/10.2139/ssrn.891173

